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Abstract

We perform visibility fitting to the dust continuum Band 6 1.3 mm data of the 30 protoplanetary disks in the
Atacama Large Millimeter/submillimeter Array Survey of Gas Evolution of PROtoplanetary Disks (AGE-PRO)
Large Program. We obtain disk geometries, dust-disk radii, and azimuthally symmetric radial profiles of the
intensity of the dust continuum emission. We examine the presence of continuum substructures in the AGE-PRO
sample by using these radial profiles and their residuals. We detect substructures in 15 out of 30 disks. We report
five disks with large (>15 au) inner dust cavities. The Ophiuchus Class I disks show dust-disk substructures in
∼80% of the resolved sources. This evidences the early formation of substructures in protoplanetary disks. A spiral
is identified in IRS 63, hinting to gravitational instability in this massive disk. We compare our dust-disk brightness
radial profiles with gas-disk brightness radial profiles and discuss colocal substructures in both tracers. In addition,
we discuss the evolution of dust-disk radii and substructures across Ophiuchus, Lupus, and Upper Scorpius. We
find that disks in Lupus and Upper Scorpius with large inner dust cavities have typical gas-disk masses, suggesting
an abundance of dust cavities in these regions. The prevalence of pressure dust traps at later ages is supported by a
potential trend with time with more disks with large inner dust cavities (or transition disks) in Upper Scorpius and
the absence of evolution of dust-disk sizes with time in the AGE-PRO sample. We propose this is caused by an
evolutionary sequence with a high fraction of protoplanetary disks with inner protoplanets carving dust cavities.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planet formation (1241); Star formation
(1569); Star forming regions (1565); Stellar accretion disks (1579); Dust continuum emission (412); Circumstellar
disks (235); Circumstellar dust (236); Radio interferometry (1346); Planetary-disk interactions (2204); Gas-to-dust
ratio (638); Exoplanets (498)

Materials only available in the online version of record: machine-readable tables

1. Introduction

The millimeter continuum emission of protoplanetary disks
allow us to study the millimeter sized dust component of the disk
midplanes, and its evolution over time (see S. M. Andrews 2020;
J. Bae et al. 2023; C. F. Manara et al. 2023; A. Miotello et al. 2023,
and references therein). A. Tripathi et al. (2017) and S. M. Andrews
et al. (2018a) found that the millimeter continuum luminosity scales
with the disk area, indicating a large contribution to the luminosity

from optically thick emission. Nevertheless, millimeter continuum
luminosities have often been used to estimate a total dust-disk mass,
provided some assumptions on average disk temperature, dust
opacity, and optically thin emission (e.g., S. M. Andrews et al.
2013; I. Pascucci et al. 2016; Ł. Tychoniec et al. 2020). These
masses have in turn been used extensively to probe the evolution of
the mass reservoir in protoplanetary disks as they disperse, and
material is accreted, ejected, or locked into planets (e.g.,
C. F. Manara et al. 2016; Ł. Tychoniec et al. 2018; S. E. van
Terwisga et al. 2022; K. Maucó et al. 2023). If multiple millimeter
wavelengths are considered, continuum thermal emission can also
be used to constrain grain growth and drift (e.g., L. Testi et al.
2014; A. Sierra et al. 2021).
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From the millimeter continuum emission of protoplanetary
disks, dust-disk radii can also be measured. However, it has
proved challenging to correctly define an outer radius in
protoplanetary disks, and often radii enclosing a certain
percentage of the total flux are used (see A. Miotello et al.
2023, and references therein). Dust-disk radii have also been used
extensively to describe disk populations (e.g., G. P. Rosotti et al.
2019b; N. Hendler et al. 2020; E. Sanchis et al. 2021) and to
characterize internal and environmental processes of protoplane-
tary disk evolution.

Another focus of dust continuum emission studies is on dust
substructures, and their relation to planet formation mechan-
isms (see J. Bae et al. 2023, and references therein). Dust-disk
substructures are diverse and seem ubiquitous whenever disks
are observed with enough resolution (F. Long et al. 2018;
J. Bae et al. 2023; S. Zhang et al. 2023). Hence, these studies
have been particularly enhanced by Atacama Large Millimeter/
submillimeter Array (ALMA) high-resolution observations
(S. M. Andrews et al. 2018b; S. M. Andrews 2020). Disk
substructures have been studied to great detail in several
objects (e.g., ALMA Partnership et al. 2015; M. Keppler et al.
2019; E. Macías et al. 2021; O. M. Guerra-Alvarado et al.
2024), but have also been used as a tracer of evolution in
populations of protoplanetary disks (e.g., J. A. Eisner et al. 2018;
F. Long et al. 2019; N. Ohashi et al. 2023; M. Yamaguchi et al.
2024). Axisymmetric structures (rings, gaps) appear to be more
common than asymmetric ones (spirals, crescents). It is known
that dust substructures play a major role in planet formation and
disk evolution mechanisms, but their variety and complexity
indicate they are sensitive to several phenomena and have
different origins, and are often challenging to reconcile with
theoretical predictions (J. Bae et al. 2023).

As part of the ALMA Large Program ALMA Survey of Gas
Evolution of PROtoplanetary Disks (AGE-PRO, K. Zhang
et al. 2025, 2021.1.00128.L), we dedicate this paper to the
analysis of the Band 6 1.3 mm dust continuum emission of the
AGE-PRO sample of 30 protoplanetary disks, studying
evolution across the three considered regions: 10 disks in
Ophiuchus, 10 disks in Lupus, and 10 disks in Upper Scorpius,
all in a narrow stellar mass range (0.3–0.8 Me).

We follow the same methodology homogeneously for all
disks, which can be summarized in three steps. First
(Section 2), we obtain disk inclinations and position angles
(PA). In a second step (Section 3), we fit the visibilities of the
dust continuum emission using as the input the geometries
found in the first step. The resulting models provide us with
azimuthally symmetric radial intensity profiles of the con-
tinuum emission. We use these radial profiles to identify dust
substructures (Section 3.1) and to obtain curves of growth from
which to extract dust-disk radii (Section 3.2). In the last step
(Section 4), we analyze the residuals of the best model for each
source to identify nonazimuthally symmetric structure. AGE-
PRO observations have an angular image resolution of
∼0.15–0.30, but via visibility fitting, we achieve smaller
resolution elements. The average continuum sensitivity of the
survey is 0.025 mJy beam−1 rms. More information on the data
can be found in the AGE-PRO papers of the three regions:
D. A. Ruiz-Rodriguez et al. (2025), D. Deng et al. (2025), and
C. Agurto-Gangas et al. (2025).

We analyze and discuss our results in Section 5. We start by
placing the AGE-PRO sample of disks into context with
respect to the broader population of known protoplanetary

disks. We then describe trends of the dust-disk radii with age
and between star-forming regions (Section 5.2). We analyze the
evolution and type of dust substructures at different ages and in
different regions in Sections 5.3 and 5.4. We conclude the
analysis with a comparison of the radial intensity profiles of the
dust continuum emission reported in this work with the gas-
disk radial profiles derived in L. Trapman et al. (2025a;
Section 5.5). We summarize our conclusions in Section 6.

2. Geometries of AGE-PRO Disks

We dedicate this section to characterize the disk geometries
(i.e., inclination and PA) of the AGE-PRO sample from the
continuum visibilities (Section 2.1). For those disks with margin-
ally resolved continuum visibilities, we try to obtain disk
geometries from the 12CO moment zero maps (Section 2.2).

2.1. Gaussian Visibility Fitting

In this section, we obtain disk geometries and phase offsets
by fitting the interferometric continuum visibilities using
Galario (M. Tazzari et al. 2018), a Python library that
compares observed visibilities with model visibilities in the
visibility plane (abbreviated as uv-plane). The Band 6
(A. R. Kerr et al. 2014) visibilities are extracted from the
self-calibrated, phase-centered, and line-free AGE-PRO mea-
surement sets using a modified version of the export uvtable
function in M. Tazzari (2017). In our version, the uv-distances
are normalized using the wavelength of each channel and
spectral window, instead of the average wavelength of the
whole data set.
Using Galario, we fit with Markov Chain Monte Carlo

(MCMC; emcee; D. Foreman-Mackey et al. 2013) the
observed continuum visibilities of each disk with an azimuth-
ally symmetric Gaussian function:

/ ( )( )= s-I f e . 1R
0

0.5 2

Disk inclinations (in the range 0° to 90°), disk PA (in the
range 0° to 180°), and offsets with respect to the phase center
(ΔRA and ΔDec) are part of the MCMC posterior. For the
MCMC, we used ensembles of 40 walkers and 6000 steps (of
which 2000 are burned-in). Some sources required small
deviations from these ensembles for better convergence. We
note that for 2MASS J16202863-2442087 (Upper Scorpius 7)
we only use observations of quiescent continuum emission (see
J. M. Miley et al. 2025).
A number of AGE-PRO sources have companions within

the field of view, which were masked during the data
calibration (C. Agurto-Gangas et al. 2025; D. Deng et al.
2025; D. A. Ruiz-Rodriguez et al. 2025). A fraction of those
are likely binary sources (e.g., Sz 65 and Sz 66, J. M. Miley
et al. 2024). However, these companions have negligible
effects on the visibility modeling due to their considerable
faintness and their substantial distance from the main source.
There are eight disks that are marginally resolved, leading to

higher uncertainties in the Gaussian fit of their dust visibilities.
These sources are Ophiuchus 5, Lupus 4, 5, 8, and 9, and
Upper Scorpius 2, 4, and 5 (see Table 1 for naming
convention). We consider these sources as poorly resolved in
continuum visibility space. A different approach to try to
constrain the geometries of these sources from the gas is
presented in Section 2.2.
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The results for the geometry and phase offset of each disk from
the Galario plus MCMC fit are summarized in Table 1.
Uncertainties of each parameter indicate the 16% and 84%
percentiles of the posterior distribution. For AGE-PRO internal
consistency, in the case of 2MASS J16120668-3010270 (Upper
Scorpius 1), we adopt the geometries identified in A. Sierra et al.
(2024a) using a similar procedure to the one of this work.

2.2. Sources with Geometries from the Gas-disk

For the eight sources that are marginally resolved in their
continuum visibilities, we consider a different approach to
constrain their disk geometries. Gas emission is often more
extended than the dust, thereby providing an additional and
often more reliable constraint on the disk geometry in these
cases where the dust-disks are only marginally resolved. Using
the method described in L. Trapman et al. (2025a), we fit two-
dimensional Gaussians to the 12CO moment zero maps of these
sources (except for Ophiuchus 5, which shows too much 12CO
cloud contribution for this methodology to work). The details
of the results obtained with these fits to the 12CO moment zero
maps are presented in Appendix A.

In summary, of the seven Lupus and Upper Scorpius
marginally resolved sources in the continuum visibilities
(Section 2.1), we consider in this work the 12CO-based
geometries for Lupus 4, 5, and Upper Scorpius 5. The other
sources show nonconclusive fits to the 12CO moment zero
maps. Even though it is well resolved in continuum emission,
for Upper Scorpius 3, we also use the 12CO-based geometries
as they provide much better residuals (see Section 4). Table 3
in Appendix A details the sources for which 12CO-based
geometries were adopted, and shows the comparison with the
dust-based geometries obtained for them in Section 2.1.

The final set of geometries (PA and inclinations) and phase
offsets for the AGE-PRO sample of protoplanetary disks is
presented in Table 1. All phase offsets come from the
Galario fit of Section 2.1. The geometries derived in
Section 2.1 and 2.2 are adopted for the visibility fitting to
follow (Section 3).

3. Radial Profiles and Dust-disk Radii

Frankenstein is a Python library that fits nonparame-
trically the radial brightness profile of a disk using the observed

visibilities and assuming azimuthal symmetry (J. Jennings et al.
2020). We use Frankenstein because it allows for direct
nonparametric fitting of the visibilities, enabling the recovery
of subbeam features (compared to the CLEAN image) while
exploiting the full sensitivity of the data.
The inputs of Frankenstein are the geometries and

phase centers identified in Section 2 (Table 1). We run a grid of
17 different Frankenstein fits for each source (using the
LogNormal method), exploring the full range of geometry and
phase center uncertainties, and the full range of Franken-
stein hyperparameters recommended in J. Jennings et al.
(2020, 1.05� α� 1.3 and 10−4� wsmooth � 10−1).16

In some cases (Lupus 1, 3, 7, and Upper Scorpius 10), the
real component of the Frankenstein fit to the observed
visibilities did not converge to zero brightness at the higher
deprojected uv-distances. This could cause emission to be
inferred on scales that are not well sampled in the uv-plane of
our observations, specifically unresolved emission at short
separation from the phase center. In these cases, we added a
point source of the necessary flux to force the Franken-
stein model to end at zero brightness. This point source was
then removed to calculate the residuals of the model
(Section 4). Not surprisingly, Frankenstein fails to
produce a fit to the visibilities for the eight marginally resolved
sources (Section 2.1).
The intrinsic angular resolution of the Frankenstein fit

to each source is computed following the methodology
described in A. Sierra et al. (2024b) and implemented in
A. S. Carvalho et al. (2024). The visibilities of a delta ring are
sampled with the same uv-coverage of each observation, and
then, they are fitted with Frankenstein using the same
hyperparameters as for the original data. We locate the delta
ring at Rmax/2, with Rmax being the maximum radius given to
Frankenstein for fitting the original data. The obtained
Frankenstein solution is similar to a Gaussian function
(interpreted as a point-spread function), with an FWHM that
depends on the uv-coverage. We take this FWHM as the
Frankenstein resolution element. In AGE-PRO data,

Figure 1. Peak normalized brightness radial profiles obtained from the best Frankenstein fit of each target and only for the well-resolved disks in each region.
Uncertainties are derived from the flux calibration error, Frankenstein error, and deviations from azimuthal symmetry. Colors indicate source number (see Table 1
for naming convention).

16 The grid is [1.05, 10−2], [1.10, 10−2], [1.20, 10−2], [1.30, 10−2], [1.20,
10−1], [1.20, 10−3], [1.20, 10−4], [1.05, 10−4], [1.30, 10−1]. To this, we add
[1.20, 10−2] with PA + σ(PA), PA − σ(PA), inc + σ(inc), inc − σ(inc),
ΔRA + σ(ΔRA), ΔRA − σ(ΔRA), ΔDec + σ(ΔDec), ΔDec − σ(ΔDec) for
a total of 17 Frankenstein models.
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typical values for the Frankenstein resolution element are
of ∼0″.09−0″.15, while the typical CLEAN beam size is of
∼0″.2–0″.35. Hence, on average, the Frankenstein
resolution elements we obtain for the AGE-PRO disks are
1.5 to 2.5 times smaller than the CLEAN beam (in agreement
with J. Jennings et al. 2022a; J. Jennings et al. 2022b). The
Frankenstein resolution elements of the visibility fitting
for each source are reported in Table 2.

We find mean resolution elements of 13, 22, and 22 au for the
sources at Ophiuchus, Lupus, and Upper Scorpius, respectively.
This is due to the fact that the signal-to-noise ratio (SNR) of
Ophiuchus observations is much higher than for Lupus and Upper
Scorpius observations (which are similar among themselves), such

that longer baselines have sufficient SNR to significantly influence
the visibility fit. Hence, for the Frankenstein-based sub-
structure identification of this work, we have similar resolution for
Lupus and Upper Scorpius, and around a factor of 2 better
resolution for Ophiuchus.

3.1. Dust-disk Radial Profiles

For each source, we visually inspected the fit to the
visibilities of each Frankenstein solution and selected
the best one using two criteria: minimal chi-squared between
model and data, and convergence to zero brightness at the
visibilities with higher deprojected uv-distances. If multiple fits
provide similarly good solutions, we opted for the more flexible

Table 1
Geometries and Phase Offsets of AGE-PRO Disks

AGE-PRO ID Source R.A. Decl. PA Inc ΔRA ΔDec
(hh:mm:ss.ss) (dd:mm:ss.s) (deg) (deg) (mas) (mas)

Ophiuchus

1 (ISO-Oph 37) SSTc2d J162623.6-242439 16h26m23.57s −24d24m40.1s -
+48.43 0.02

0.02
-
+72.59 0.02

0.02 - -
+0.48 0.11

0.11 - -
+2.51 0.10

0.09

2 (ISO-Oph 94) SSTc2d J162703.6-242005 16h27m03.59s −24d20m05.5s -
+50.18 0.06

0.07
-
+76.40 0.07

0.07
-
+1.65 0.31

0.31
-
+0.19 0.26

0.26

3 (ISO-Oph 129) SSTc2d J162719.2-242844 16h27m19.20s −24d28m44.5s -
+91.58 0.28

0.27
-
+61.25 0.25

0.25
-
+5.04 0.14

0.15 - -
+4.76 0.11

0.10

4 (Elias 2-32) SSTc2d J162728.4-242721 16h27m28.44s −24d27m21.8s -
+100.7 2.6

2.5
-
+61.0 2.2

2.2
-
+3.4 1.3

1.3 - -
+7.50 0.85

0.87

5 (ISO-Oph 161) SSTc2d J162737.2-244237 16h27m37.24s −24d42m38.5s -
+58 34

86
-
+25 13

16
-
+4.04 0.38

0.36 - -
+1.92 0.32

0.31

6 (ISO-Oph 165) SSTc2d J162738.9-244020 16h27m38.93s −24d40m21.2s -
+167.85 0.08

0.08
-
+74.34 0.11

0.12
-
+6.53 0.14

0.14 - -
+2.29 0.19

0.19

7 (IRS 63) SSTc2d J163135.6-240129 16h31m35.65s −24d01m30.1s -
+149.56 0.03

0.04
-
+46.94 0.03

0.02 - -
+0.79 0.04

0.04 - -
+0.90 0.04

0.04

8 2MASS J16230544-2302566 16h23m05.42s −23d02m57.6s -
+72.50 0.56

0.54
-
+71.84 0.57

0.55 - -
+10.03 0.99

0.98 - -
+8.69 0.62

0.63

9 (ISO-Oph 43) SSTc2d J162627.5-244153 16h26m27.54s −24d41m54.0s -
+159.55 0.29

0.30
-
+73.48 0.43

0.45 - -
+4.96 0.48

0.45 - -
+1.14 0.61

0.61

10 (ISO-Oph 127) SSTc2d J162718.4-243915 16h27m18.37s −24d39m15.3s -
+52.918 0.090

0.090
-
+73.617 0.089

0.093
-
+0.89 0.32

0.31 - -
+4.65 0.27

0.26

Lupus

1 (IK Lup) Sz 65 15h39m27.74s −34d46m17.7s -
+110.00 0.11

0.10
-
+61.41 0.09

0.10 - -
+4.06 0.09

0.09
-
+8.48 0.06

0.06

2 (GW Lup) Sz 71 15h46m44.70s −34d30m36.3s -
+36.24 0.22

0.22
-
+38.36 0.14

0.13 - -
+1.96 0.19

0.18
-
+2.49 0.17

0.18

3 2MASS J16124373-3815031 16h12m43.73s −38d15m03.6s -
+17.34 0.77

0.78
-
+51.83 0.69

0.63 - -
+0.06 0.29

0.27 - -
+1.15 0.31

0.30

4 (HM Lup) Sz 72 15h47m50.60s −35d28m36.0s 20.00 ± 0.70* 31.50 ± 0.60* - -
+4.44 0.55

0.59 - -
+2.66 0.53

0.52

5 Sz 77 15h51m46.93s −35d56m44.7s 8.2 ± 2.1* 26.0 ± 0.80* - -
+0.5 1.9

1.8
-
+1.1 1.8

1.8

6 2MASS J16085324-3914401 16h08m53.22s −39d14m40.7s -
+104.8 4.1

4.1
-
+32.2 2.2

2.0
-
+2.30 0.40

0.39 - -
+0.38 0.39

0.40

7 Sz 131 16h00m49.41s −41d30m04.4s -
+160.0 3.6

3.6
-
+46.7 2.7

2.7 - -
+0.6 1.1

1.1
-
+3.2 1.2

1.2

8 Sz 66 15h39m28.25s −34d46m18.7s -
+83.1 1.6

1.9
-
+76.8 4.0

5.4
-
+22.00 0.48

0.50
-
+7.34 0.47

0.45

9 Sz 95 16h07m52.29s −38d58m06.6s -
+159.5 6.6

6.9
-
+54.64 6.7

6.1 - -
+1.3 2.1

2.1
-
+3.9 2.2

2.1

10 V1094 Sco 16h08m36.18s −39d23m02.5s -
+107.87 0.06

0.06
-
+52.02 0.04

0.04 - -
+7.15 0.36

0.36 - -
+3.83 0.26

0.26

Upper Scorpius

1 2MASS J16120668-3010270 16h12m06.66s −30d10m27.6s -
+45.10 0.90

0.20a
-
+37.00 0.20

0.10a
-
+4.6 20

20a
-
+6.6 10

10a

2 2MASS J16054540-2023088 16h05m45.38s −20d23m09.3s -
+49.4 2.5

2.7
-
+56.4 2.3

2.6 - -
+0.61 0.41

0.41 - -
+0.85 0.39

0.39

3 2MASS J16020757-2257467 16h02m07.56s −22d57m47.4s 78.1 ± 9.6* 58.20 ± 0.13* - -
+1.3 1.7

1.8 - -
+0.2 1.2

1.2

4 2MASS J16111742-1918285 16h11m17.41s −19d18m29.2s -
+69 11

18
-
+79.3 18.8

7.5 - -
+19 33

36
-
+0 22

20

5 (BV Sco) 2MASS J16145026-2332397 16h14m50.25s −23d32m40.2s 139.0 ± 5.3* 15 ± 10* - -
+2.0 3.2

3.5 - -
+5.9 2.9

2.8

6 2MASS J16163345-2521505 16h16m33.43s −25d21m51.2s -
+59.8 2.5

2.5
-
+62.9 2.7

2.6
-
+2.3 7.0

7.2 - -
+6.2 5.4

5.4

7 2MASS J16202863-2442087 16h20m28.62s −24d42m09.2s -
+179 11

11b
-
+32.4 9.0

6.2b
-
+0.6 6.7

7.0b
-
+4.6 7.5

7.4b

8 2MASS J16221532-2511349 16h22m15.32s −25d11m35.7s -
+16.27 0.33

0.32
-
+56.24 0.29

0.28 - -
+1.92 0.24

0.23 - -
+0.48 0.27

0.27

9 2MASS J16082324-1930009 16h08m23.25s −19d30m01.0s -
+125.40 0.09

0.10
-
+75.10 0.13

0.12 - -
+1.61 0.26

0.25
-
+0.55 0.20

0.19

10 2MASS J16090075-1908526 16h09m00.74s −19d08m53.3s -
+155.73 0.26

0.26
-
+49.14 0.21

0.22 - -
+3.13 0.17

0.17
-
+0.77 0.18

0.18

Notes. First two columns indicate the AGE-PRO naming convention (1 to 10 in each region) and the most common literature names of each source. Coordinates refer
to the center of emission identified in the image plane for the continuum-only datasets of each source. Geometries and phase offsets were obtained through fitting
azimuthally symmetric Gaussians to the dust visibilities. Disk geometries with an asterisk (*) come from fitting two-dimensional Gaussians to the 12CO moment zero
maps (presented in L. Trapman et al. 2025a).
a Upper Scorpius 1 geometry and phase center come from the work of A. Sierra et al. (2024a).
b Upper Scorpius 7 information refers to the quiescent data only (see J. M. Miley et al. 2025 for more information).

(This table is available in its entirety in machine-readable form in the online article.)
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Table 2
Angular and Physical Radii Containing 68%, 90%, and 95% of the Continuum Emission of the AGE-PRO Disks (R68%, R90%, and R95%, Respectively)

AGE-PRO ID Source R95% R90% R68% R95% R90% R68% Frank FWHM Note
(arcsec) (arcsec) (arcsec) (au) (au) (au) (au)

Ophiuchus

1 (ISO-Oph 37) SSTc2d J162623.6-242439 0.7506 ± 0.0010 0.6866 ± 0.0020 0.5038 ± 0.0018 104 ± 15 95 ± 14 70 ± 10 11 irregular structure
2 (ISO-Oph 94) SSTc2d J162703.6-242005 0.5391 ± 0.0019 0.4997 ± 0.0008 0.3768 ± 0.0005 75 ± 11 69 ± 10 52.4 ± 7.6 15 irregular structure
3 (ISO-Oph 129) SSTc2d J162719.2-242844 0.1409 ± 0.0039 0.1256 ± 0.0023 0.0918 ± 0.0011 19.6 ± 3.4 17.5 ± 2.9 12.8 ± 2.0 10
4 (Elias 2-32) SSTc2d J162728.4-242721 0.151 ± 0.060 0.130 ± 0.027 0.089 ± 0.016 21 ± 12 18.1 ± 6.9 12.4 ± 4.3 18 tentative structure
5 (ISO-Oph 161) SSTc2d J162737.2-244237 L <0.040 <0.026 L <5.5 <3.7 12 marginally resolved
6 (ISO-Oph 165) SSTc2d J162738.9-244020 0.3227 ± 0.0022 0.28882 ± 0.00063 0.21853 ± 0.00043 44.9 ± 6.8 40.1 ± 5.9 30.4 ± 4.4 12 irregular structure
7 (IRS 63) SSTc2d J163135.6-240129 0.6576 ± 0.0016 0.5294 ± 0.0007 0.3681 ± 0.0001 91 ± 13 74 ± 11 51.2 ± 7.4 8 irregular structure
8 2MASS J16230544-2302566 0.289 ± 0.020 0.248 ± 0.016 0.169 ± 0.014 40.1 ± 8.9 34.5 ± 7.5 23.5 ± 5.6 19 irregular structure
9 (ISO-Oph 43) SSTc2d J162627.5-244153 0.2515 ± 0.0026 0.2323 ± 0.0033 0.1874 ± 0.0010 35.0 ± 5.4 32.3 ± 5.2 26.0 ± 3.9 15 inner dust cavity
10 (ISO-Oph 127) SSTc2d J162718.4-243915 0.4115 ± 0.0031 0.3904 ± 0.0024 0.3122 ± 0.0022 57.2 ± 8.7 54.3 ± 8.2 43.4 ± 6.6 13 irregular structure
Lupus

1 (IK Lup) Sz 65 0.251 ± 0.014 0.2229 ± 0.0053 0.1631 ± 0.0074 38.4 ± 2.4 34.10 ± 0.95 25.0 ± 1.2 20
2 (GW Lup) Sz 71 0.690 ± 0.012 0.5911 ± 0.0073 0.3873 ± 0.0045 105.8 ± 2.1 91.1 ± 1.4 59.67 ± 0.85 17 irregular structure
3 2MASS J16124373-3815031 0.260 ± 0.011 0.1987 ± 0.0067 0.1224 ± 0.0010 41.2 ± 1.8 31.5 ± 1.2 19.42 ± 0.21 27
4 (HM Lup) Sz 72 L <0.074 <0.049 L <12 <7.7 22 marginally resolved
5 Sz 77 L <0.18 <0.12 L <28 <19 28 marginally resolved
6 2MASS J16085324-3914401 0.224 ± 0.076 0.1347 ± 0.024 0.0767 ± 0.0026 36.2 ± 12.7 21.8 ± 4.1 12.39 ± 0.53 16 tentative structure
7 Sz 131 0.224 ± 0.042 0.191 ± 0.019 0.1281 ± 0.0011 35.6 ± 6.9 30.4 ± 3.2 20.39 ± 0.28 21
8 Sz 66 L <0.13 <0.09 L <21 <14 27 marginally resolved
9 Sz 95 L <0.19 <0.13 L <31 <21 39 marginally resolved
10 V1094 Sco 2.7790 ± 0.0028 2.2807 ± 0.0027 1.44033 ± 0.00082 430.1 ± 2.6 353.0 ± 2.2 222.9 ± 1.2 14 irregular structure
Upper Scorpius

1 2MASS J16120668-3010270 0.7023 ± 0.0052 0.6644 ± 0.0032 0.6059 ± 0.0016 92.6 ± 0.91 87.64 ± 0.62 79.92 ± 0.40 13 inner dust cavity
2 2MASS J16054540-2023088 L <0.13 <0.084 L <17 <12 21 marginally resolved
3 2MASS J16020757-2257467 0.217 ± 0.061 0.193 ± 0.047 0.140 ± 0.013 30.3 ± 8.7 27.0 ± 6.6 19.6 ± 1.9 31
4 2MASS J16111742-1918285 L <0.41 <0.27 L <56 <37 53 marginally resolved
5 (BV Sco) 2MASS J16145026-2332397 L <0.13 <0.087 L <19 <12 20 marginally resolved
6 2MASS J16163345-2521505 0.43 ± 0.19 0.40 ± 0.12 0.309 ± 0.033 69 ± 30 63 ± 19 48.9 ± 5.4 37 inner dust cavity
7 2MASS J16202863-2442087 0.33 ± 0.12‡ 0.31 ± 0.14‡ 0.2501 ± 0.0048‡ 51 ± 18‡ 47 ± 22‡ 38.19 ± 0.92‡ 20 inner dust cavity
8 2MASS J16221532-2511349 0.2115 ± 0.0013 0.19565 ± 0.00066 0.15834 ± 0.00064 29.39 ± 0.27 27.19 ± 0.18 22.01 ± 0.16 14 inner dust cavity
9 2MASS J16082324-1930009 0.3770 ± 0.0013 0.349 ± 0.0014 0.2768 ± 0.0012 51.63 ± 0.34 47.80 ± 0.34 37.91 ± 0.28 19 irregular structure
10 2MASS J16090075-1908526 0.331 ± 0.019 0.307 ± 0.010 0.241 ± 0.014 45.4 ± 2.7 42.0 ± 1.5 33.0 ± 2.0 12 irregular structure

Notes. “Frank FWHM” describes the simulated Frankenstein resolution element for each source. First two columns indicate the AGE-PRO naming convention (1 to 10 in each region) and the most common
literature names of each source. Lupus and Upper Scorpius radii in astronomical units are obtained by using the geometric Gaia DR3 distances of C. A. L. Bailer-Jones et al. (2021). For Ophiuchus, an averaged distance
of 139 ± 20 pc is assumed (N. Grasser et al. 2021). Upper limits are denoted with “ < .” Upper Scorpius 7 (‡) information refers to the quiescent data only (see J. M. Miley et al. 2025 for more information). Last column
describes the identified substructures with the categories presented in Section 3.1.

(This table is available in its entirety in machine-readable form in the online article.)
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Frankenstein hyperparameters (lower α and wsmooth, see
J. Jennings et al. 2020). The best Frankenstein brightness
radial profile for each well-resolved AGE-PRO protoplanetary
disk is presented in Figure 1 for all three regions.

For 15 sources, substructures are apparent from the best
Frankenstein fit. Seven sources show no substructure at
the resolution of AGE-PRO (visibility fitting resolution
element of ∼0″.09–0″.15). The other eight sources are barely
resolved in the continuum visibilities, and no radial profiles
could be obtained for them (Section 3.1). Individual profiles are
presented in Figures 2, 3, and 4 for Ophiuchus, Lupus, and
Upper Scorpius sources, respectively. Temperature brightness
radial profiles are computed from the radial intensity profiles
using the full blackbody equation (the Rayleigh–Jeans approx-
imation is not assumed), and a central frequency of 230 GHz.

We group the radial intensity profiles of the dust continuum
emission into three categories: inner dust cavity group, for the
disks with an inner dust cavity and a ring; irregular
substructure group, for the disks with a nonsmooth irregularly
structured dust radial profile but with no resolved inner dust
cavity; and not-structured group, if the dust radial profile is
merely an unstructured decline. There are 5 disks with inner
dust cavities (Ophiuchus 9, and Upper Scorpius 1, 6, 7, 8) and
10 irregularly structured disks (Ophiuchus 1, 2, 6, 7, 8, 10,
Lupus 2, 10, and Upper Scorpius 9, 10). The inner dust cavities
are reminiscent of the so-called transition disks (K. M. Strom
et al. 1989; N. van der Marel 2023). In this work, we refrain
from calling them as such as we do not explore the
correspondence of our sources with the original spectral energy
distribution (SED)-based classification of transition disks.
Table 2 summarizes our results on the presence of dust
substructures in the AGE-PRO sample of protoplanetary disks.

Ophiuchus 2 and 6 have top flat brightness profile
distributions that could resemble an inner dust cavity
(Figure 2). However, the brightness contrast and size of these
structures are too small to clearly discern them as cavities. We
hence place Ophiuchus 2 and 6 in the irregular structure
category.

There are seven not-structured disks at AGE-PRO resolution
(Ophiuchus 3, 4, Lupus 1, 3, 6, 7, and Upper Scorpius 3). Of
these later sources, we put down Ophiuchus 4 (Elias 2-32) and
Lupus 6 (2MASS J16085324-3914401) as “tentatively sub-
structured” as they show variations in their visibilities that
might be indicative of substructure that Frankenstein was
unable to model.
In Figure 5, we show how the type of substructure correlates

with the gas-disk masses obtained in L. Trapman et al. (2025b).
To limit the effect of resolution in the interpretation of this
figure, we only show those sources for which our resolution is
good enough that if substructures are present, we should have
detected them in most cases (see Section 5.1 for more
information). We see that disks with large inner dust cavities
have gas-disk masses compatible with the median gas-disk
masses of their regions (L. Trapman et al. 2025b). However,
the structured disks without inner dust cavities (the irregular
substructure group) have gas-disk masses 1 to 2 orders of
magnitude above the median value of their regions. This is
further discussed in Section 5.3.
We can evaluate the radial intensity profiles we present in

this work by comparing with other observations. Among the
AGE-PRO sample, there are seven sources with publicly
available observations, which have angular resolutions higher
than that of AGE-PRO. We compare these observations with
our radial intensity profiles of the AGE-PRO dust continuum
emission in Appendix B. We find good agreement between the
visibility modeled radial intensity profiles of this work (using
the moderate resolution AGE-PRO observations) and the radial
profiles obtained from observations at higher angular resolu-
tion. In some cases, there are substructures detected at high
resolution that are not detected in the CLEAN images of AGE-
PRO, but which are retrieved by the visibility modeled profiles
of this work at the right locations. This comparison shows that
we can trust the brightness radial profiles obtained in
Section 3.1 from visibility modeling for those sources in
which there is no high angular resolution available.

Figure 2. Dust brightness temperature profiles of AGE-PRO Ophiuchus sources obtained from the best Frankenstein fit to each target and only for the resolved
disks. The resolution element of the fit to the visibilities is shown at the bottom left corners (Table 2, Section 3). Plots show the radial profiles up to 1.5R90%.
Uncertainties are derived from the flux calibration error, Frankenstein error, and deviations from azimuthal symmetry.
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To summarize, we detect substructures in most of the well-
resolved disks. Of the nine well-resolved Ophiuchus sources,
seven show substructure (plus a tentative detection in
Ophiuchus 4). Of the six well-resolved Lupus sources, two
show substructure (plus a tentative detection in Lupus 6). Of
the seven well-resolved Upper Scorpius sources, six show
substructure. We provide a detailed discussion of the radial
profile of each disk in Appendix C, and further discussion on
the type and evolution of substructures in Section 5.3.

3.2. Dust-disk Radii

The 17 Frankenstein brightness radial profiles for each
source (Section 3) provide 17 different curves of growth,
defined as the cumulative contribution to the source brightness
as a function of the angular distance from the center. While
there is no obvious way to properly define disk radii, in this
work, we calculate the angular radii containing 68%, 90%, and
95% of the emission (R68%, R90%, and R95%, respectively).
R68% has often been identified as a better proxy for
protoplanetary dust-disk size (A. Miotello et al. 2023),
although AGE-PRO sensitivity should be small enough to
provide robust R90% and R95% values in most cases. The R68%,
R90%, and R95% radii for all sources appear tabulated in Table 2.
Central values are the median from all 17 Frankenstein
fits, and uncertainties are the maximum deviations from the

median. Angular radii are converted to physical radii using the
distance to each source (from Gaia DR3 C. A. L. Bailer-Jones
et al. 2021 geometric priors). AGE-PRO Ophiuchus sources do
not have Gaia DR3 parallaxes, so we took the average distance
to the cloud (139 ± 20 pc, N. Grasser et al. 2021).
Eight sources are marginally resolved in the continuum

visibilities (Section 2.1), and none of the Frankenstein fits
for them converges adequately. For these sources, we take as
upper limits for the R68% and R90% radii 2 times and 3 times the
σ of Section 2.1 Gaussian fit, respectively (Equation (1),
Table 2). No R95% radii are reported for these marginally
resolved disks.
We compare the R68% and R90% dust-disk radii derived in

this work with the dust-disk radii derived in E. Sanchis et al.
(2020, 2021) for the Lupus sources, and in N. Hendler et al.
(2020) for the Lupus and Upper Scorpius sources. This
comparison is shown in Figure 6. Our R68% and R90% results
and upper limits are in agreement with these previously
reported radii, considering the differences in data sensitivity
and methodology. The exception to this is Lupus 4, for which
our R68% upper limit is smaller than the R68% reported in
E. Sanchis et al. (2021), although there is agreement between
both works at R90%. Lupus 7 and Lupus 10 are larger than
previously reported, although our central values are within the
uncertainties of E. Sanchis et al. (2021). Hence, the R68% and
R90% dust-disk radii obtained in this section for the AGE-PRO

Figure 3. Dust brightness temperature profiles of AGE-PRO Lupus sources obtained from the best Frankenstein fit to each target and only for the resolved disks.
The resolution element of the fit to the visibilities is shown at the bottom left corners (Table 2, Section 3). Plots show the radial profiles up to 1.5R90%. Uncertainties
are derived from the flux calibration error, Frankenstein error, and deviations from azimuthal symmetry.
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sample of disks and tabulated in Table 2 are consistent with
previous studies.

4. Nonazimuthally Symmetric Substructures

Once the best Frankenstein radial profile of the dust
continuum emission is obtained for each disk (Section 3.1), we
subtract the model visibilities from the data visibilities and then
image the residuals. From the residuals, further nonazimuthally
symmetric structure can be identified.

The obtained residuals are shown in Appendix C in
Figures 14, 15, and 16, for Ophiuchus, Lupus, and Upper
Scorpius sources, respectively. We only see residuals at the 5σ
level for one-third of the sample. The well-resolved AGE-PRO
sources with residuals at the 5σ level are Ophiuchus 1, 2, 7, 10,
Lupus 2, 10, and Upper Scorpius 1, 8, and 10. The residuals of
these sources are presented in Figure 7. All of these sources
have detected substructures in their azimuthally symmetric
radial profiles (Section 3.1). Residuals at the 3σ level on the
disk location are also found at the disks of Ophiuchus 6, Lupus
4, 9, and Upper Scorpius 3. We provide a detailed discussion
for the residuals of each disk in Appendix C.

One relevant nonazimuthally symmetric structure identified
by this analysis is in Ophiuchus 7 (IRS 63, SSTc2d J163135.6-
240129), where a spiral is newly identified (Figure 7).
A. Michel et al. (2023) already found residuals highlighting
nonaxisymmetric excess emission just south and north of the disk
center. This source has been studied in detail (D. M. Segura-Cox
et al. 2020; L. A. Cieza et al. 2021; C. Flores et al. 2023;
A. Michel et al. 2023; L. Podio et al. 2024). We believe this spiral
was not detected before because it is a low-contrast structure that
can be hidden at high resolution. Only the deeper AGE-PRO
observations have allowed us to see the spiral (more information

in Appendix C). A. Michel et al. (2023) proposed this disk might
be gravitationally unstable because of its high disk-to-star mass
ratio (e.g., J. Speedie et al. 2024). C. Flores et al. (2023) further
supported gravitational instability by quantifying the envelope-to-
disk mass infall rate onto this source, which is much larger than
the disk-to-star accretion rate. The detection of a spiral in the
residuals of Figure 7 is another piece of evidence suggesting this
disk is gravitationally unstable.

5. Analysis and Discussion

In this section, we discuss the AGE-PRO sample of dust-disks
from a population perspective, and show the general trends
that arise between the Ophiuchus (0.5–1 Myr) sources, the Lupus
(1–3 Myr) sources, and the Upper Scorpius (2–6 Myr) sources
(for more details about these ages, see K. Zhang et al. 2025).

5.1. Sample Selection

We first put the AGE-PRO sample into perspective with
respect to the three different star-forming regions. In Figure 8,
we compare the R68% dust-disk radii of the N. Hendler et al.
(2020) compilations for Lupus and Upper Scorpius with the
AGE-PRO samples of those regions. For deriving the median
dust-disk sizes, we only consider the spectral type range of the
AGE-PRO sample (K6–M3, K. Zhang et al. 2025) to minimize
the effect of underlying trends with stellar mass. For Upper
Scorpius, the median R68% of the N. Hendler et al. (2020)
sample and the median R68% of the AGE-PRO sample are
consistent ( -

+32.9 14
8.3 versus -

+22 14
16 au, respectively). For Lupus,

we find a somewhat smaller R68% median value for the AGE-
PRO sample ( -

+13.8 7.8
11 au versus -

+26.5 8.1
38 au in N. Hendler et al.

2020), although they are consistent within error bars. However,

Figure 4. Dust brightness temperature profiles of AGE-PRO Upper Scorpius sources obtained from the best Frankenstein fit to each target and only for the
resolved disks. The resolution element of the fit to the visibilities is shown at the bottom left corners (Table 2, Section 3). Plots show the radial profiles up to 1.5R90%.
Uncertainties are derived from the flux calibration error, Frankenstein error, and deviations from azimuthal symmetry.
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the Lupus analysis in N. Hendler et al. (2020) was based on
low-sensitivity ALMA data (M. Ansdell et al. 2016), hence
biasing the size measurements toward the brighter and thus
larger disks of the Lupus population. This is confirmed by
O. M. Guerra-Alvarado et al. (in preparation), who in a more
sensitive Lupus survey find a median R68% value for Lupus of
13.5 au, in line with the AGE-PRO results (Figure 8). We
hence conclude that AGE-PRO is representative in dust-disk
radii of both Lupus and Upper Scorpius regions.

It is harder to make a fair comparison of the AGE-PRO
sample with the whole Ophiuchus region. Existing Ophiuchus
surveys are shallow and AGE-PRO only selected Class Is from
this region (K. Zhang et al. 2025), which also contains a rich
population of Class II sources (L. A. Cieza et al. 2019). Our
AGE-PRO Ophiuchus sample has a median R68% of 30 au with
a standard deviation of 20 au. Comparing with A. Dasgupta
et al. (2025), it seems our sample is typical of the region in
dust-disk size, although it leans toward large sizes.

D. A. Ruiz-Rodriguez et al. (2025), D. Deng et al. (2025),
and C. Agurto-Gangas et al. (2025) papers have shown that the
AGE-PRO Ophiuchus, Lupus, and Upper Scorpius samples are
also not biased in millimeter or 12CO flux with respect to the
entire K6–M3 population of their respective regions. We can
hence conclude that, while small, the AGE-PRO sample of
protoplanetary disks is not biased by its observational proper-
ties and is reasonably representative of the full K6–M3 disk
population in the three considered regions.

Regarding the representativeness of the disk-substructures
found in this work, J. Bae et al. (2023) showed that if
significant high resolution and sensitivity are used, substruc-
tures are detected in almost all disks. In particular, from a
compilation of 479 young stars, if θD/θres > 10, 95% of the
sources have substructures (with θD being the angular diameter
containing 90% of the emission, and qres the angular resolution
of the observation). This percentage goes down to 50% if
3 < θD/θres < 10, and to 2% if θD/θres < 3. We compare these
percentages with the AGE-PRO sample, taking as qres the
Frankenstein resolution elements derived in Section 3. Of

the AGE-PRO disks, Ophiuchus 1, 7, 10, Lupus 2, 10, and Upper
Scorpius 1 have θD/θres > 10. Of these six sources, we find
substructures in all of them. Ophiuchus 2, 3, 6, 8, 9, Lupus 1, and
Upper Scorpius 6, 7, 8, 9, 10 have 3 < θD/θres < 10. Of these 11
sources, 9 have substructures (82%), with the exceptions of
Ophiuchus 3 (ISO-Oph 129) and Lupus 1 (Sz 65). The remaining
13 AGE-PRO sources have θD/θres < 3. Of the latter, none show
substructures (although we report Ophiuchus 4 and Lupus 6 as
tentative detections in Section 3.1). Comparing to J. Bae et al.
(2023) results, our higher detection fraction in the intermediate
resolution regime (3 < θD/θres < 10, 82% versus 50%) could be
due to the much higher than average sensitivity of the AGE-PRO
program, or to the differences between detecting substructures
from the visibility fitting instead of from the image plane. Hence,
the fraction of substructures we have identified in this work
considering the resolution we obtained agrees well with J. Bae
et al. (2023) statistics on a larger population.

5.2. Evolution of Dust-disk Radii with Age and across Regions

In Figure 9, we investigate the millimeter continuum size–
luminosity relationship in the AGE-PRO sample. This correlation
(first identified in S. M. Andrews et al. 2010) holds important
information about the mechanisms driving the evolution of
protoplanetary disks and the properties of dust particles in disks
(e.g., A. Tripathi et al. 2017; A. D. Sellek et al. 2020; F. Zagaria
et al. 2022). In particular, N. Hendler et al. (2020) showed that this
relationship is not universal between regions. As disk size (R), we
take the R68% and R90% radii derived in Section 3.2. Following the
procedure of S. M. Andrews et al. (2018a), the continuum
luminosities (Lmm) are cast here in units of Jy for a distance of
140 pc, to ease comparison with other data sets. We fit power laws
(R = 10α · Lmm

β ) to the whole AGE-PRO sample and to each
separate star-forming region using a Bayesian linear regression
analysis that accounts for upper limits in the data (T. Isobe et al.
1986; B. C. Kelly 2007). We get the following results. For the
Ophiuchus sources,

( )a b r=  =  =R , 2.12 0.40, 0.42 0.22, 0.65. 268%

( )a b r=  =  =R , 2.23 0.38, 0.40 0.20, 0.66. 390%

For the Lupus sources,

( )a b r=  =  =R , 2.26 0.36, 0.46 0.18, 0.73. 468%

( )a b r=  =  =R , 2.46 0.36, 0.47 0.18, 0.74. 590%

For all AGE-PRO sources,

( )a b r=  =  =R , 1.88 0.18, 0.23 0.08, 0.49. 668%

( )a b r=  =  =R , 2.02 0.18, 0.22 0.08, 0.51. 790%

These are with ρ being the mean Pearson correlation
coefficient of the Bayesian posterior. For the Upper Scorpius
sources, there is no significant correlation, we find ρ = 0.18
and ρ = 0.08 for R68% and R90%, respectively. Uncertainties in
the fit parameters indicate the standard deviations in the
posterior distributions. As indicated by the low ρ correlation
coefficients and large uncertainties, the correlations we find are
limited by the small AGE-PRO sample size.
We find very similar correlations for R68% and R90%. For the

Lupus sources, we find a correlation of Lmm ∝ R2.2. This is in
agreement with N. Hendler et al. (2020) results. We also find a
correlation for our Ophiuchus sample (Lmm ∝ R2.4) compatible,
yet steeper, than the one found by N. Hendler et al. (2020) for
Class II sources of the region. In turn, the central value we
obtain for the Ophiuchus power law provides a flatter relation

Figure 5. Gas-disk mass from L. Trapman et al. (2025b) vs. dust-disk R90%

radii only for those sources observed at enough resolution (θD/θres > 3) to
detect substructures in the majority of cases (see Section 5.1). Yellow markers
indicate Lupus sources, and green markers Upper Scorpius sources. Lines show
the median gas-disk mass in the full Lupus and Upper Scorpius AGE-PRO
samples, and its 16th and 84th quantiles. Substructured disks without a large
inner dust cavity (irregular) have abnormally high gas-disk masses, 1 to 2
orders of magnitude above the median value of their regions.
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than the one found by J. J. Tobin et al. (2020) in Class 0 and
Class I protostars in Orion (Lmm ∼ R3.3). This suggests that the
Ophiuchus AGE-PRO sample (selected to be Class Is) is
evolutionary somewhere between the Class 0/early Class I
stage and the Class II stage. Regarding Upper Scorpius, if we
restrict N. Hendler et al. (2020) Upper Scorpius sample to the
AGE-PRO stellar mass range, a Kendall Tau test on the
detections also results in no Rdust–Lmm power-law correlation.
This is not the case for Ophiuchus and Lupus N. Hendler et al.
(2020) samples, for which we still recover a correlation if
restricting by stellar mass. This puts our results in agreement
with N. Hendler et al. (2020). When the complete Upper
Scorpius region is considered, P. Pinilla et al. (in preparation)
does recover a flatter correlation for Upper Scorpius than for
younger regions in the stellar mass range of AGE-PRO.

The absence of a Rdust–Lmm significant correlation in the
AGE-PRO Upper Scorpius sample can be interpreted in terms
of dust evolution. G. P. Rosotti et al. (2019a) proved that the
Rdust–Lmm relation emerges naturally in the drift-dominated
regime of dust grain evolution. However, if pressure dust traps
are developed, the disk radii is fixed by the outer dust trap
(J. Stadler et al. 2022; N. T. Kurtovic et al. 2025). Dust traps
fixing the dust-disk radii in the Upper Scorpius sample also
explain the observed R95%/R90% ratios, of order ∼1.08 for
AGE-PRO Upper Scorpius sources, but of order ∼1.12–1.31
for the Lupus sources (with Lupus 6 having R95%/R90% = 1.7).
Indeed, P. Pinilla et al. (2020) and A. Zormpas et al. (2022)
predicted a flatter Rdust–Lmm correlation for disks with inner
dust cavities, which are at least 40% of our Upper Scorpius
population (Section 3.1, Figure 4). We hence suggest that in
Upper Scorpius there is a higher incidence of dust traps setting
the dust-disk radii and flattening the Rdust–Lmm relation . This
results in no significant correlation appearing in the case of
AGE-PRO small sample size.

In Figure 10, we show R68% and R90% dust-disk radii as a
function of age for the AGE-PRO sample (for more details
about these ages, see K. Zhang et al. 2025). The absence of any
trend with age is clear, as it is the absence of any evolution of
the dust-disk radii across the three regions. G. P. Rosotti et al.
(2019b) predicted that, in smooth disks, the dust-disk R68%

decreases with time, as R68% traces the grains that are large
enough to have a significant submillimeter opacity. If there are

substructures, this happens slower (P. Pinilla et al. 2020;
A. Zormpas et al. 2022; L. Delussu et al. 2024). Hence, a
higher incidence of dust traps at later ages also explains the
apparent absence of dust-disk radii evolution with age in the
AGE-PRO sample.
We note that this is different from claiming an absence of

dust-disk radii evolution with time. The AGE-PRO sample is
only representative of the surviving population in Upper
Scorpius. Lupus has a Class II disk fraction of ∼50% while the
older Upper Scorpius region has a disk fraction of ∼15%
(Á. Ribas et al. 2014). In addition, Figure 8 shows that the
complete Upper Scorpius population has no sources with
R68% > 100 au, while the Lupus region has several. This
suggests an evolution toward smaller dust-disk sizes and disk-
dissipation (i.e., J. M. Carpenter et al. 2025). As a result, the
surviving disk population in Upper Scorpius has a higher
fraction of disks with dust traps, which have prevented the
inward drift and dissipation of their dust-disks.
This conclusion connects with the results of other AGE-PRO

papers. N. T. Kurtovic et al. (2025) independently suggests that
the dust content of the AGE-PRO disks in Upper Scorpius has
mostly survived until their current age due to the presence of
dust traps. Another support to this idea comes from the absence
of evolution in the AGE-PRO sample of the RCO, 90%/Rdust, 90%

ratio from Lupus to Upper Scorpius (L. Trapman et al. 2025a),
which cannot be explained with smooth disks (R. Anania et al.
2025).
We hence conclude that a high fraction of disks in Upper

Scorpius with dust trapping substructures is the best explana-
tion for the apparent lack of evolution of dust-disk radii with
age in the AGE-PRO sample (Figure 10), and the absence of
significant Rdust–Lmm correlation in Upper Scorpius with
respect to Ophiuchus and Lupus (these later following
Lmm ∼ R2, Figure 9). We delve into this idea in the next section
(Section 5.3), where the detected dust substructures are
discussed.

5.3. The Evolution of Dust Substructures

There are different possibilities for the origin of dust
substructures, and their evolution mechanisms are not well
understood (S. M. Andrews 2020; J. Bae et al. 2023;

Figure 6. Comparison between the dust-disk radii (R68% and R90%) obtained in this work and the dust-disk radii obtained in N. Hendler et al. (2020) and E. Sanchis
et al. (2021) for the AGE-PRO sources. Downward arrows denote upper limits.
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M. Benisty et al. 2023; J. Drażkowska et al. 2023 and
references therein). It seems clear that substructures become
easier to trace over time, as dust trapping acts, and we can
achieve higher contrasts as the emission turns optically thinner
(e.g., N. Ohashi et al. 2023). However, disk substructures are
theorized to be ubiquitous and to appear early (N. van der
Marel et al. 2019; P. D. Sheehan et al. 2020; L. Delussu et al.
2024).

The main trend of dust substructures with age that can be
appreciated in AGE-PRO is the much higher fraction of disks
with large inner dust cavities (>15 au) in Upper Scorpius
compared to Ophiuchus and Lupus (Figure 1). Considering
only those sources for which we have enough resolution
(θD/θres > 3) to detect substructures in the majority of cases
(Section 5.1); four out of six disks in Upper Scorpius show
inner dust cavities, for one out of eight in Ophiuchus (and this
one, Ophiuchus 9, is among the most evolved sources of the

Ophiuchus sample, D. A. Ruiz-Rodriguez et al. 2025), and zero
out of three in Lupus. In contrast, six of the eight Ophiuchus
sources show irregular structure, for two in both Lupus and
Upper Scorpius. This suggests an evolution of disk populations
from having a high fraction of disks with irregular substruc-
tures toward having a high fraction of disks with large inner
dust cavities and a ring.
In the AGE-PRO Lupus sample, 7 out of the 10 sources have

θD/θres < 3, which might have caused the fact that we are not
effectively resolving substructures in Lupus. However, we note
that cavities are often detected in Lupus (O. M. Guerra-Alvarado
et al. 2025) and the similar age region of Taurus (F. Long et al.
2018; Y. Shi et al. 2024), indicating that small unresolved cavities
might be present in the AGE-PRO Lupus sample. Hence, we
claim that the transition toward disk populations with a high
fraction of disks with large inner dust cavities happens at the
∼1–2 Myr timescale (Lupus age, Figure 10).

Figure 7. Mosaic of the well-resolved AGE-PRO sources with residuals at the 5σ level. For each source, we show the CLEAN image of the continuum-only data, the
image of the model with pixel size, the image of the model convolved with the CLEAN beam, and the residual image from subtracting the visibilities of the data from
those of the model. Residuals are shown in units of the rms noise value.
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Another piece of evidence favoring the evolution with time
toward a larger fraction of disks with large inner dust cavities is
presented in Figure 5. Figure 5 shows that disks with large
inner dust cavities have a gas-disk mass compatible with the
median gas-disk mass of their regions (L. Trapman et al.
2025b). This means that, at the age of ∼1–2 Myr, most disks
have regulated the evolution of their gas-disk mass in a similar
way that disks with large inner dust cavities do (N. van der
Marel et al. 2015, 2016a), suggesting they also have developed
similar dust traps. A different argumentation could be that disks
with irregular structure but no large dust cavity have
abnormally high gas-disk masses for their regions. These high
gas-disk masses could be explained via late infall material and
interaction with the environment (M. Kuffmeier et al. 2023;
J. E. Pineda et al. 2023; A. J. Winter et al. 2024a, 2024b). This
interaction could also be responsible for the irregular structure,
as large scale structures at the outer edges of disks can be
replicated easily within a relatively short period of infall
(A. Kuznetsova et al. 2022).

Large inner dust cavities are unlikely to have been created
via photoevaporation alone (see G. Picogna et al. 2023; N. van
der Marel 2023; A. Sierra et al. 2024b, and references therein),
with planetary companions clearing a gap as the most
promising explanation (e.g., PDS 70, M. Keppler et al. 2018;
S. Y. Haffert et al. 2019). M. Gárate et al. (2023) and S. Huang
et al. (2024) have shown that not very massive planets are
needed to produce these inner cavities. Indeed, there are two
AGE-PRO sources with inner dust cavities for which disk-to-
star accretion rate measurements are available (K. Zhang et al.
2025), and these cannot be reconciled with photoevaporating
disks (Figure 6 of B. Ercolano & I. Pascucci 2017).

We hence propose an evolutionary sequence in which
protoplanets at inner orbits have time to open cavities in ∼1–2
Myr. This would result in disk populations with a higher
fraction of large inner dust cavities at later ages. In turn, this
fixes the outer dust-disk radii in a fraction of the population for
which R68% does not evolve over time and causes the flattening

of the Rdust–Lmm relationship in Upper Scorpius (Section 5.2).
Disks that do not develop these dust traps keep reducing their
dust-disk radii and are mostly dispersed or undetected at the
Upper Scorpius age. This evolutionary scenario would imply a
large fraction of protoplanetary disks with inner planets capable
of creating large dust cavities. This fraction is at least 40% of
the disk-hosting Upper Scorpius population, based on our
limited sample size statistics. This large fraction can be
reconciled with the exoplanet demographics observed around
main-sequence stars (e.g., F. Kiefer et al. 2024). These planets
must have formed fast (within ∼2 Myr), which is compatible
with theory (e.g., T. C. H. Lau et al. 2024). As a final piece of
argumentation, we already have a tentative detection for a
massive inner protoplanet in the dust cavity of one of the AGE-
PRO disks (Upper Scorpius 1, A. Sierra et al. 2024a).
Similar evolutionary sequences have been previously

suggested from observational evidence (e.g., A. Garufi et al.
2018, 2020; L. A. Cieza et al. 2021; N. van der Marel &
G. D. Mulders 2021; R. Parker et al. 2022, S. Orcajo et al.
2025). This AGE-PRO work provides the first evidence for an
evolution of protoplanetary disk populations toward having
higher fractions of transition disks based on a representative
sample of sources in three different star-forming regions.

5.4. Substructures in Class I Ophiuchus Sources

We have detected a very high fraction of substructures in our
Ophiuchus sample (∼80% of the resolved objects). The AGE-
PRO Ophiuchus sources were selected by their Class I SED
(K. Zhang et al. 2025). Analyzing the Rdust–Lmm correlation, in
Section 5.2, we have shown that the AGE-PRO Ophiuchus
sample is likely placed toward the end of the Class I phase.
This agrees with the age estimations presented by the eDisk
program (N. Ohashi et al. 2023). AGE-PRO Ophiuchus 7 (IRS
63) is the oldest source in eDisk (C. Flores et al. 2023), but it is
among the youngest sources of AGE-PRO (D. A. Ruiz-Rodriguez
et al. 2025), being the only source in common between both
surveys.

Figure 8. Comparison of the Lupus and Upper Scorpius R68% millimeter continuum radii from AGE-PRO (in orange) and the samples presented in N. Hendler et al.
(2020, in gray). Edge colors of the latter in Upper Scorpius are set to black or cyan depending on whether the disk is identified as “full” or “evolved” (following the
classification of K. L. Luhman 2022). For reference, all AGE-PRO sources are “full” disks but Upper Scorpius 4 (which is “transitional”). Downward triangles signify
upper limits. The two open diamonds on the right of each plot are the median size computed using a Kaplar–Meier estimator that includes the effect of the upper limits,
with the error bar indicating the 95% confidence interval. These median sizes are limited to AGE-PRO spectral type range (K6–M3).
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It is thus interesting to put the AGE-PRO Ophiuchus sample
of Class Is in perspective with other studies of dust
substructures in protostellar sources. The eDisk program has
studied 12 Class 0 and 7 Class I protostars. They have found
that the Band 6 1.3 mm continuum emission barely show any
sharp high-contrast features, despite the high angular resolution
of the program (∼0″.04). This is true even in those instances
where the visibilities were fitted to try to recover substructures
(e.g., A. Santamaria-Miranda et al. 2024). In total, only three
eDisk sources have substructures reported, including IRS 63
(D. M. Segura-Cox et al. 2020; Section 3.1, Figure 2). A more
direct comparison with AGE-PRO is the work of A. Michel
et al. (2023), which employed a visibility modeling analysis
similar to the one of Section 3, with similar resolution
observations. A. Michel et al. (2023) analyzed nine Class Is
in Ophiuchus, and proposed substructures for four of them,
with another four being ambiguous. Hence, there seems to be
an increment in the fraction of substructured disks from Class
0/early Class Is (eDisk), to Class Is (A. Michel et al. 2023; see
also C.-H. Hsieh et al. 2024, 2025), to late Class Is (AGE-
PRO). L. A. Cieza et al. (2021) also observed a much higher
incidence of substructures within Ophiuchus toward the
sources that have a more Class II SED shape.

One possible explanation for this transition is that sub-
structures appear during the Class I phase, and they are only
ubiquitous at the late Class I stage AGE-PRO is tracing.
Another explanation is that early Class I objects are too
optically thick at 1.3 mm to identify the existing substructures,
but quick dust evolution or disk-settling (P. Nazari et al. 2024)
permits substructures to be more easily detected at the late
Class I stage. While substructures might evolve during the
Class 0 and Class I stages, the optical thickness explanation is
likely majorly responsible for the observed trend. L. Delussu
et al. (2024) suggest that substructures appear early (within
0.4 Myr), and M. J. Maureira et al. (2024) has already found a
tentative substructure detection in a Class 0 disk, while
substructure detections around young Class I disks are
becoming more frequent (e.g., R. Nakatani et al. 2020;
P. D. Sheehan et al. 2020; A. Michel et al. 2023; Y. Yamato
et al. 2023; C.-H. Hsieh et al. 2024; A. Shoshi et al. 2024).

We conclude that the very high fraction of substructures
detected in the AGE-PRO Ophiuchus sample compared to

previous Class I studies is due to its late Class I stage. AGE-
PRO Ophiuchus sources had enough time for their disks to
become optically thinner, which caused more dust substruc-
tures to be recovered. We note that the very high fraction of
substructures in the AGE-PRO Ophiuchus sample implies that
dust-disk substructures are already ubiquitous at ∼0.5–1 Myr.

5.5. Radial Profiles: Dust-disk versus Gas-disk

In this section, we compare the dust-disk radial profiles
obtained in Section 3.1 with the gas-disk radial profiles derived
in L. Trapman et al. (2025a) from the AGE-PRO 12CO moment
zero maps (using Nuker and Sérsic profiles). L. Trapman et al.
(2025a) methodology could not be applied to the Ophiuchus
sources due to cloud contamination (D. A. Ruiz-Rodriguez
et al. 2025). We note that, given the significant differences
between both approaches, the comparison between Franken-
stein profiles and Nuker profiles presented in this section is
only for guidance.
Figure 11 shows the dust-disk and gas-disk brightness radial

profiles for the well-resolved Lupus and Upper Scorpius
sources in the continuum. In all cases, the gas-disk extends
farther than the dust-disk (see also L. Trapman et al. 2025a).
We see tentative gas cavities on Upper Scorpius 3, 6, and 9 (we
note none of them appear resolved in the moment 0 maps,
L. Trapman et al. 2025a). Of these, Upper Scorpius 6 (2MASS
J16163345-2521505) has a dust cavity with a dust-ring located
at a similar distance to where the gas-disk peaks, at around 30-
40 au. It is the only AGE-PRO disk with a large inner dust
cavity whose 12CO moment zero map is better modeled with a
gas cavity. There are well-studied transition disks with gas in
their dust cavities and those with gas-poor dust cavities (e.g.,
PDS 70, GM Aur, HD 100546, see L. Wölfer et al. 2023). The
presence of gas in the cavity has been associated with multiple
Neptunes, with only gas giants being able to carve a gas cavity
(S. Huang et al. 2024). We hence pose Upper Scorpius 6 as a
disk with a gas-cleared inner dust cavity. Upper Scorpius 3 is
one of the most compact AGE-PRO gas-disks, so the gas cavity
might be an artifact from L. Trapman et al. (2025a)
methodology. We note that for Upper Scorpius 3 the dust-
disk radii and gas-disk radii are similar. As for Lupus 9
(Appendix C), a companion truncating the gas-disk is a

Figure 9.Millimeter continuum size–luminosity relationship for R68% and R90% dust-disk sizes in the AGE-PRO sample. Black line is the fit to all AGE-PRO sources.
The colored lines trace the best fit per region. Fits are derived from a Bayesian linear regression analysis that accounts for upper limits in the data. Upper Scorpius
shows no significant correlation. Resulting power laws of every fit are indicated in each plot.
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possible explanation. Upper Scorpius 9 shows a small gas
cavity extending to 10 au. This might suggest Upper Scorpius 9
has an unresolved dust cavity at the 10 au scale (supporting the
discussion of Sections 5.2 and 5.3).

The other disks with inner dust cavities Upper Scorpius 1,
Upper Scorpius 7, and Upper Scorpius 8 show very extended
gas-disks, extending to similar sizes ∼145–165 au, indepen-
dently of the position of the dust-ring (e.g., at 78 au for Upper
Scorpius 1 versus at 17 au for Upper Scorpius 8). More
information on the relation between gas and dust structure in
Upper Scorpius 1 can be found in A. Sierra et al. (2024a),
where hints of a protoplanet in the dust cavity are presented.
The colossal extent of Lupus 10 (V1094 Sco) is worth
mentioning, extending to ∼833 au in 12CO gas.

6. Conclusions

We performed visibility fitting to the Band 6 1.3 mm
continuum data of the 30 AGE-PRO ALMA Large Program
protoplanetary disks (K. Zhang et al. 2025). AGE-PRO
contains 10 disks in Ophiuchus (0.5–1 Myr), 10 disks in
Lupus (1–3 Myr), and 10 disks in Upper Scorpius (2–6 Myr),
all in a narrow stellar mass range (0.3–0.8 Me). We derived
disk geometries (inclinations and position angles, Table 1) for
the AGE-PRO protoplanetary disks. For all sources, we
homogeneously obtained dust-disk radii (R68%, R90%, and
R95%, Table 2), and azimuthally symmetric radial profiles of the
intensity of the dust continuum emission (Figures 2, 3, 4). We
showed that the AGE-PRO sample is representative of the
considered regions (Section 5). The mean resolution elements
achieved in the visibility fitting are ∼13, 22, and 22 au for
Ophiuchus, Lupus, and Upper Scorpius sources, respectively
(Section 3).

We examined the presence of continuum substructures by
using the radial profiles and their residuals (Figure 7). Then, we
analyzed the evolution of dust-disk radii and substructures
across Ophiuchus, Lupus, and Upper Scorpius. The main
conclusions we have obtained are as follows:

1. We identify substructures in 50% of the AGE-PRO disks
(seven in Ophiuchus, two in Lupus, and six in Upper
Scorpius). Our methodology detects substructure in
almost all sources (∼90%) observed at high enough
resolution for their disk size (θD/θres > 3). We report five
disks with large (>15 au) inner dust cavities and a ring

(or transition disks), four of them in the Upper Scorpius
sample. This suggests a trend toward disk populations
with higher fractions of disks with large inner dust
cavities at later ages.

2. We detect no Rdust–Lmm significant correlation for the
AGE-PRO Upper Scorpius sample. This can be recon-
ciled with previous literature results considering the
narrow mass range and the small size of the AGE-PRO
sample. For Ophiuchus and Lupus, we recover Lmm ∼ R2

(Figure 9). We see no evolution of dust-disk radii with
time in the AGE-PRO sample (Figure 10). We suggest
that a high fraction of disks in Upper Scorpius with dust
trapping substructures is the best explanation for these
two results.

3. Upper Scorpius disks with large inner dust cavities (or
transition disks) have gas-disk masses compatible with
the median gas-disk mass of the Lupus and Upper
Scorpius regions (Figure 5). In contrast, Lupus and Upper
Scorpius substructured disks with no large dust cavities
have gas-disk masses 1 to 2 orders of magnitude higher
than the average values in their regions. This suggests
that at the age of ∼1–2 Myr a significant fraction of disks
have developed dust traps which are similarly effective to
large inner dust cavities to remove gas mass. A different
interpretation is to explain the large gas-disk masses via
late infall events and interaction with the environment.

4. A spiral is identified in IRS 63 (Figure 7), hinting to
gravitational instability in this massive disk.

5. The AGE-PRO Ophiuchus Class I disks show dust-disk
substructures in ∼80% of the well-resolved sources
(Figure 2). This evidences the early formation of
substructures in protoplanetary disks, which appear to
be ubiquitous at 0.5–1 Myr. Using the Rdust–Lmm

relationship, we deduce the AGE-PRO Ophiuchus sample
is at the end of the Class I phase, reconciling our results
with other Class I studies that detect a lower incidence of
substructures at earlier ages, and suggesting an evolu-
tionary trend or optical thickness effects (Section 5.4).

6. We present a comparison of the radial intensity profiles of
the dust continuum emission reported in this work with
the gas-disk radial profiles derived in L. Trapman et al.
(2025a) from the AGE-PRO 12CO moment zero maps.
We discuss colocal substructures in both tracers.

Figure 10. R68% and R90% dust-disk radii vs. individual age for each AGE-PRO source. Disks with large inner dust cavities are highlighted with a black contour.
Downward arrows denote upper limits. For uncertainties on the age determination, see K. Zhang et al. (2025).

14

The Astrophysical Journal, 989:9 (23pp), 2025 August 10 Vioque et al.



Considering the above results, we propose an evolutionary
sequence in which protoplanets at inner orbits have time to
open dust cavities in ∼1–2 Myr. This results in disk
populations with a higher fraction of large inner dust cavities
at later ages. In turn, this fixes the outer dust-disk radii in a
fraction of the population for which the dust-radius does not
evolve over time and causes the absence of significant
Rdust–Lmm correlation in the AGE-PRO Upper Scorpius
sample. This evolutionary scenario also explains why disks
with large inner dust cavities have gas-masses typical of their
region, the dust modeling results of N. T. Kurtovic et al.
(2025), and the absence of evolution of the RCO, 90%/Rdust, 90%

ratio in the AGE-PRO sample from Lupus to Upper Scorpius
(L. Trapman et al. 2025a). This evolutionary scenario would

imply a large fraction of protoplanetary disks with inner planets
capable of creating large dust cavities, of at least 40% of the
disk-hosting Upper Scorpius population, based on our limited
sample size statistics.
This AGE-PRO work constitutes the first analysis of the

evolution of dust-disk radii and dust substructures with a
representative sample of protoplanetary disks in three different
star-forming regions. A detailed discussion for each individual
object is presented in Appendix C.
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Appendix A
Disk Geometries from the Gas-disk

Using the method described in L. Trapman et al. (2025a), we
fit two-dimensional Gaussians to the 12CO moment zero maps

of the Lupus and Upper Scorpius sources. This provides a fit to
the gas-disk geometry. This methodology could not be applied
to the Ophiuchus sources due to the cloud contamination their
12CO maps show (D. A. Ruiz-Rodriguez et al. 2025). For well-
resolved sources in the continuum visibilities (Section 2.1),
there is agreement within error bars between the disk
geometries obtained from this gas analysis and the dust
geometries obtained in Section 2.1 with Galario plus MCMC
fit. Hence, for all well-resolved sources, we opt for the dust-based
geometries as their uncertainties are smaller, and they are obtained
from a direct fit to the visibilities. An exception to this is Upper
Scorpius 3. For Upper Scorpius 3, the Galario-based disk
geometry results in large residuals for their best Frankenstein
model. The fit to the 12CO-based geometry does not show these
residuals, and we therefore adopt the 12CO-based geometry for
Upper Scorpius 3 in this work (Table 3).
For the eight marginally resolved sources in continuum

visibility space (Section 2.1), we tried to adopt the achieved
geometric fit to the 12CO data. Gas emission is often more
extended than dust emission, thereby providing an additional

Table 3
Disk Geometries Obtained in Section 2.1 from Modeling the Continuum

Visibilities and Disk Geometries Obtained in Section 2.2 from Fitting the 12CO
Moment Zero Maps

From 12CO From Continuum

Name PA Inc PA Inc
(deg) (deg) (deg) (deg)

Lupus 4 20.0 ± 0.7 31.5 ± 0.6 -
+46.2 9.7

8.5
-
+58.4 8.3

9.7

Lupus 5 8.2 ± 2.1 26.0 ± 0.8 -
+108.0 34

34
-
+19.8 13

13

Upper Scorpius 3 78.1 ± 9.6 58.2 ± 0.1 -
+79.3 1.4

1.4
-
+72.0 2.2

2.1

Upper Scorpius 5a 139 ± 5.3 15 ± 10 -
+68.6 10.3

9.8
-
+70.6 16.3

13.2

Note. We only show the sources for which the 12CO geometries were
considered for subsequent analysis in this work.
a The disk geometry of Upper Scorpius 5 is obtained from minimizing the
width of the velocity-stacked 12CO spectrum obtained with GoFish
(R. Teague 2019; see Figure 12).

Figure 12. 12CO 2–1 integrated spectrum for Upper Scorpius 5 (2MASS
J16145026-2332397). The gray line shows the observed spectrum (see
C. Agurto-Gangas et al. 2025). Shown in orange is a velocity-stacked spectrum
(made using GoFish, R. Teague 2019) using the position angle and
inclination from the continuum disk geometry fit (Section 2.1). The blue line
shows a velocity-stacked spectrum assuming PA = 139o and inc = 15o, the
disk geometry assumed in this work.
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and often more reliable constraint on the disk geometry in these
cases where the dust-disks are only marginally resolved (e.g.,
Figure 12). However, in Ophiuchus 5 and Lupus 8, cloud
contamination impedes us from reaching a good 12CO fit.
Lupus 9 and Upper Scorpius 2 appear marginally resolved in
12CO gas. For Upper Scorpius 4, we obtain similar results
between the 12CO-fit and the continuum-based fit. Hence, for
these five latter sources, we opt to use the dust-based geometry.

For 2MASS J16145026-2332397 (Upper Scorpius 5) we
took a different approach. An inspection of the 12CO line
profile shows a nearly face-on disk (see Figure 12; and
C. Agurto-Gangas et al. 2025). Velocity-stacking the spectrum
according to the continuum-fitted disk geometry results in a
very broad spectrum rather than the narrow spectrum we expect
from a correctly velocity-stacked Keplerian disk. Experiment-
ing with different disk geometries, we find that (PA,
inc) = (139°, 15°) yields a narrow velocity-stacked spectrum.
We therefore adopt these numbers in this work for the disk
geometry of Upper Scorpius 5 (Table 3).

In conclusion, only for four sources (Lupus 4, 5, Upper
Scorpius 3, and 5) the 12CO-based geometries are used as a
starting point for the Frankenstein fits of Section 3 and
subsequent estimation of the dust-disk radii. These cases where
geometries are derived from gas fits rather than from continuum
visibilities are summarized in Table 3. The final adopted
geometric properties of the entire sample are given in Table 1.

Appendix B
Comparison with Previous Literature

Among the AGE-PRO sample, there are seven sources with
publicly available observations with higher angular resolution
than AGE-PRO. These observations can be compared with the
visibility models of the dust continuum emission derived in this
work. The Lupus 2 system was observed as part of DSHARP
(S. M. Andrews et al. 2018b); Ophiuchus 1 and Ophiuchus
7 are in the ODISEA high-resolution sample (L. A. Cieza et al.
2021); Lupus 1 and Lupus 8 are a binary system and were
published in J. M. Miley et al. (2024), while Lupus 3 and

Figure 13. Comparison of the radial profiles obtained in this work from visibility fitting (Section 3.1), with the radial profiles from publicly available high angular
resolution images at comparable wavelengths (first two panels show the CLEAN images of each data set).
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Upper Scorpius 10 have not been published before. All sources
have Band 6 1.3 mm data, except for Lupus 3, which has Band
7 0.9 mm data.

The detection of dust substructures is highly dependent on
resolution and sensitivity. Hence, it is challenging to compare
substructures from different observations. For the sources that
have been already published, we compare our visibility-
modeled profiles to the self-calibrated dust continuum images
at high angular resolution. To obtain radial profiles from the
images, we take azimuthal averages. For the sources that have
not been published before, we compare our visibility-modeled
profiles to the images that are available from the ALMA
archive (thus not self-calibrated). We show these comparisons
in Figure 13. We note that fits to the visibilities cannot be
compared with CLEAN images in a fair manner, and that the
comparisons presented in this appendix are only for guidance.

The visibility modeled intensity radial profiles of this work
are in very good agreement with the disk’s intensity shapes
from the high-resolution images. Ophiuchus 1, 7, Lupus 1,
Lupus 2, and Upper Scorpius 10 have low-contrast dust
continuum substructures in the high-resolution data. Even
though those substructures are not detected in the CLEAN
images of AGE-PRO, the visibility modeled profiles of this
work do retrieve the presence of those substructures at the right
locations (Figure 13). This is true for all cases but Lupus 1,
which is in our “not-structured” sample (Figure 3, Table 2).
Lupus 3 and Lupus 8 are in our “not-structured” sample and
“marginally resolved” sample, respectively, and they show a
smooth profile even at the higher resolution. In Upper Scorpius
10, a shoulder-like emission in the visibility model resolves
into a faint ring when observed at higher angular resolution.
For Ophiuchus 1, the Frankenstein substructure retrieved
in this work appears more evident than in the high-resolution
image. This is likely due to the high inclination of Ophiuchus
1, which causes that even at higher angular resolutions the
beam smears significantly the substructures in the image.

This comparison with higher-resolution data evidences the
power of visibility fitting to identify dust substructures in
medium-resolution data (typical CLEAN beam size of AGE-
PRO is ∼0.2–0.35, in comparison to the typical Franken-
stein beam of ∼0.09–0.15). In addition, this comparison
shows that we can trust the brightness radial profiles obtained
in Section 3.1 from visibility modeling for those sources in
which we do not have high angular resolution available.

Appendix C
Discussion on Individual Sources

In this appendix, we summarize the final results of this work
for each AGE-PRO protoplanetary disk. Individual radial
profiles of the dust continuum emission are presented in
Figures 2, 3, and 4 for Ophiuchus, Lupus, and Upper Scorpius
sources, respectively. The obtained residuals are shown in
Figures 14, 15, and 16, for Ophiuchus, Lupus, and Upper
Scorpius sources, respectively. Disk geometries and dust-disk
radii for every source are compiled in Tables 1 and 2 with their
uncertainties. Detailed information on gas-disk radii and gas
residuals can be found in L. Trapman et al. (2025a).

C.1. Ophiuchus Sources

SSTc2d J162623.6-242439 (Ophiuchus 1, ISO-Oph 37,
inc = 72.59, R90% = 95 au). The dust-disk is large, extending

to a R90% of 95 au. Residuals show one 5σ small central area
and several 3σ spots unevenly distributed across the dust-disk.
L. A. Cieza et al. (2021), using higher-resolution data, finds no
substructures, except for an inflection point at 31 au also
identified in this work (at ∼ 20 au, Figure 2). Due to its lower
spatial resolution, the AGE-PRO brightness temperature
sensitivity is higher than in the previous high-resolution
observations. Hence, we propose that these residuals might
be signaling the existence of a real substructure previously
hidden by strong optical thickness in this young Class I source.
The symmetric shape of the residuals could be indicative of an
underlying dust trap or be related to a snowline.
SSTc2d J162703.6-242005 (Ophiuchus 2, ISO-Oph 94,

inc = 76.40, R90% = 69 au). This is a structured disk with a
flat top brightness distribution of the radial profile until 20 au
and a shoulder at 60 au. Residuals show a 3σ asymmetric
structure concentrated to the northeast of the disk. Small
localized 5σ emission is found at the disk center and in the
residuals to the northeast. These residuals seem to trace real
structure (e.g., S. M. Andrews et al. 2021), and we propose
vertical height in the dust distribution (e.g., Á. Ribas et al.
2024) or a flared disk as possible physical explanations.
SSTc2d J162719.2-242844 (Ophiuchus 3, ISO-Oph 129,

inc = 61.25, R90% = 17.5 au). There is no substructure at the
resolution of AGE-PRO. The residuals show no significant
extra emission.
SSTc2d J162728.4-242721 (Ophiuchus 4, Elias 2-32,

inc = 61.0, R90% = 18.1 au). There is no obvious substructure
at the resolution of AGE-PRO. The residuals show no
significant extra emission. The visibilities show deviations that
no Frankenstein model fitted, which might be indicative of
underlying substructures.
SSTc2d J162737.2-244237 (Ophiuchus 5, ISO-Oph 161,

inc = 25o, R90% upper limit of 5.5 au). This disk is marginally
resolved in the visibility fitting. The residuals show no
significant extra emission.
SSTc2d J162738.9-244020 (Ophiuchus 6, ISO-Oph 165,

inc = 74.34, R90% = 40.1 au). This is a disk with a flat top
brightness distribution of the radial profile until 20 au followed
by a smooth decay. Residuals show evenly distributed 3σ
emission at the disk location.
SSTc2d J163135.6-240129 (Ophiuchus 7, IRS 63,

inc = 46.94, R90% = 74 au). This is a structured disk with
inflection points in the dust-continuum radial profile at 10, 30,
and 80 au. Residuals show a newly identified spiral, adding
further evidence to the suggestion that this disk is gravitation-
ally unstable. A. Michel et al. (2023) already found residuals
highlighting nonaxisymmetric excess emission just south and
north of the disk center. This source has been the object of
detailed studies (D. M. Segura-Cox et al. 2020; L. A. Cieza
et al. 2021; C. Flores et al. 2023; A. Michel et al. 2023;
L. Podio et al. 2024). We believe this spiral was not detected
before because it is a low-contrast structure that can be hidden
at high resolution. The contrast between the peak intensity in
the CLEAN image and the peak intensity in the spiral is of the
order of 1%, so deep observations are needed to trace changes
in density, where the spiral lives. Only the deep AGE-PRO
observations have allowed us to see the spiral, indicating it
must be very optically thick at 1.3 mm. Follow-up analyses are
needed to better characterize this spiral.
2MASS J16230544-2302566 (Ophiuchus 8, inc = 71.84,

R90% = 34.5 au). This is a substructured disk with a shoulder in
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the intensity radial profile at 20–30 au. The residuals show no
significant extra emission.

SSTc2d J162627.5-244153 (Ophiuchus 9, ISO-Oph 43,
inc = 73.48, R90% = 32.3 au). This is a newly identified
transition disk with a dust cavity and dust-ring at 20–25 au. It
appears as a transition disk candidate in N. van der Marel et al.
(2016b), although it was not identified as a transition disk in
E. G. Cox et al. (2017) or L. A. Cieza et al. (2019). The
residuals show no significant extra emission on the disk
location, but there is a 3σ positive residual to the west of the
source.

SSTc2d J162718.4-243915 (Ophiuchus 10, ISO-Oph 127,
inc = 73.62, R90% = 54.3 au). The intensity of the radial
profile shows a structured decay with a prominent ring at 30 au
followed by a secondary ring at 55 au. We find 3σ residuals
covering the extent of the disk with localized 5σ residuals to
the east and south. These residuals are likely not real, and we

believe they are produced by an offset in the brightness of the
model.

C.2. Lupus Sources

Sz 65 (Lupus 1, IK Lup, inc = 61.41, R90% = 34.10 au,
RCO,90% = 162 au). There is no substructure at the resolution of
AGE-PRO. The residuals show no significant extra emission.
However, we note it appears as slightly structured in the high-
resolution work of J. M. Miley et al. (2024). It is the binary of
Lupus 8.
Sz 71 (Lupus 2, GW Lup, inc = 38.36, R90% = 91.1 au,

RCO,90% = 310 au). This is a slightly structured disk with a
small bump in the intensity radial profile at 40 au. The dust-
disk is large, extending to a R90% of 91.1 au. This system was
observed as part of DSHARP ALMA Large Program
(S. M. Andrews et al. 2018b), with a substructure matching

Figure 14.Mosaic of the residuals of AGE-PRO Ophiuchus sources. For each source, we show the CLEAN image of the continuum-only data, the image of the model
with pixel size, the image of the model convolved with the CLEAN beam, and the residual image from subtracting the visibilities of the data from those of the model.
Residuals are shown in units of the rms noise value.
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ours. We find strong bipolar residuals. Because it is a bright
disk, we believe that a small phase center deviation is the most
likely explanation for these bipolar residuals (S. M. Andrews
et al. 2021). Two-dimensional Gaussians to the 12CO moment
zero maps report a similar inclination to the one used in this
work. This inclination is also similar to the one found in
DSHARP (J. Huang et al. 2018).

2MASS J16124373-3815031 (Lupus 3, inc = 51.83,
R90% = 31.5 au, RCO,90% = 108 au). There is no substructure
at the resolution of AGE-PRO. This agrees with archival
unpublished data at higher resolution. The residuals show no
significant extra emission.

Sz 72 (Lupus 4, HM Lup, inc = 31.50, R90% upper limit of 12
au, RCO,90% = 30 au). This disk is marginally resolved in the
visibility plane. It shows a faint not centered 3σ residual.

Sz 77 (Lupus 5, inc = 26.0, R90% upper limit of 28 au,
RCO,90% = 51 au). This disk is marginally resolved in the

visibility plane. The residuals show no significant extra
emission.
2MASS J16085324-3914401 (Lupus 6, inc = 32.2,

R90% = 21.8 au, RCO,90% = 53 au). There is no substructure
at the resolution of AGE-PRO. The residuals show no
significant extra emission. The visibilities show deviations that
no Frankenstein model fitted, which might be indicative of
underlying substructures. L. Trapman et al. (2025a) proposes it
might have a close companion from the 12CO moment
zero maps.
Sz 131 (Lupus 7, inc = 46.7, R90% = 30.4 au, RCO,90% = 72

au). There is no substructure at the resolution of AGE-PRO.
The residuals show no significant extra emission.
Sz 66 (Lupus 8, inc = 76.8, R90% upper limit of 21 au,

RCO,90% = 74 au). This disk is marginally resolved in the
visibility plane. It appears as not structured in the high-
resolution work of J. M. Miley et al. (2024), only showing

Figure 15. Mosaic of the residuals of AGE-PRO Lupus sources. For each source, we show the CLEAN image of the continuum-only data, the image of the model
with pixel size, the image of the model convolved with the CLEAN beam, and the residual image from subtracting the visibilities of the data from those of the model.
Residuals are shown in units of the rms noise value.
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slight evidence of an asymmetric dust distribution when the
visibilities were modeled. We believe the strong residuals we
detect for this source are entirely caused by the AGE-PRO
calibration pipeline on a very faint object. It is the binary of
Lupus 1.

Sz 95 (Lupus 9, inc = 54.64, R90% upper limit of 31 au,
RCO,90% = 6.4 au). This disk is marginally resolved in the
visibility plane. The residuals show no significant extra
emission in the disk. However, the residuals show a localized
3σ–5σ spot to the southwest of the disk, outside of the gas-disk
(RCO,90%= 0.04 or 6.4 au). This source is among the smallest
dust-disk and gas-disk sources of AGE-PRO. This 3σ–5σ
continuum residual outside the edge of the gas-disk might be
tracing a binary that is truncating the disk.

V1094 Sco (Lupus 10, inc = 52.02, R90% = 353.0 au,
RCO,90% = 833 au). This is a very large, CO-bright (I. Pascucci
et al. 2023), and structured dust-disk, extending to a R90% of

353.0 au. Several significant oscillations (rings and gaps) can
be seen in the intensity radial profile. Residuals show positive
and negative 5σ detections at separated locations, which
overlap with positions of dust-rings (Figure 3; and S. E. van
Terwisga et al. 2018). The western positive residual might be
tracing a spiral arm

C.3. Upper Scorpius Sources

2MASS J16120668-3010270 (Upper Scorpius 1, inc =
37.00o, R90% = 87.64 au, RCO,90% = 168 au). This is a newly
identified transition disk, with a large inner dust-cavity and a
dust-ring at 78 au. Residuals show a spiral arm structure
discussed in detail in A. Sierra et al. (2024a), which also
proposes a tentative protoplanet detection within the dust
cavity.

Figure 16. Mosaic of the residuals of AGE-PRO Upper Scorpius sources. For each source, we show the CLEAN image of the continuum-only data, the image of the
model with pixel size, the image of the model convolved with the CLEAN beam, and the residual image from subtracting the visibilities of the data from those of the
model. Residuals are shown in units of the rms noise value.
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2MASS J16054540-2023088 (Upper Scorpius 2, inc = 56.4,
R90% upper limit of 17 au, RCO,90% = 51 au). This disk is
marginally resolved in the visibility plane. The residuals show
no significant extra emission.

2MASS J16020757-2257467 (Upper Scorpius 3, inc = 58.20,
R90% = 27.0 au, RCO,90% = 34 au). There is no substructure at the
resolution of AGE-PRO. 3σ residuals appear at the disk location.
It shows a tentative inner gas cavity (Figure 11) and has very
small dust- and gas-disks, of similar radii. This might be due to a
companion truncating the disk.

2MASS J16111742-1918285 (Upper Scorpius 4, inc = 79.3,
R90% upper limit of 56 au, RCO,90% = 47 au). This disk is
marginally resolved in the visibility plane. The residuals show
no significant extra emission.

2MASS J16145026-2332397 (Upper Scorpius 5, BV Sco,
inc = 15o, R90% upper limit of 19 au, RCO,90% = 30 au). This
disk is marginally resolved in the visibility plane. The residuals
show no significant extra emission. It has a very small gas-disk.
L. Trapman et al. (2025a) proposes it could be a binary because
of a residual in the 12CO gas-fit located outside of the main gas-
disk. This binary might be truncating the gas- and dust-disks.

2MASS J16163345-2521505 (Upper Scorpius 6, inc = 62.9,
R90% = 63 au, RCO,90% = 160 au). This is a newly identified
transition disk with a dust-ring at 35 au. The residuals show no
significant extra emission. It shows an inner gas cavity up to
30–40 au (Figure 11), hinting a gas-cleared dust-cavity. A
potential dust-cavity was speculated in S. A. Barenfeld et al.
(2016) and P. Pinilla et al. (2018), which is here confirmed.

2MASS J16202863-2442087 (Upper Scorpius 7, inc = 32.4,
R90% = 47 au, RCO,90% = 160 au). This is a newly identified
transition disk with a dust-ring at 30 au. The residuals show no
significant extra emission. In this paper, we have considered the
quiescent continuum data only (see J. M. Miley et al. 2025).
Due to the complex nature of this source, other radial profile
solutions are possible to the one reported here. This disk shows
some of the strongest 12CO residuals in L. Trapman et al.
(2025a), which might be indicative of a companion. We refer
the reader to J. M. Miley et al. (2025) AGE-PRO paper for
more details on this source.

2MASS J16221532-2511349 (Upper Scorpius 8, inc = 56.24,
R90% = 27.19 au, RCO,90% = 145 au). This is a newly identified
transition disk with a dust-ring at 17 au. Residuals show a
localized source of emission eastwards at the 5σ level. This
residual is at the outer border of the dust-ring but well within the
gas-disk (C. Agurto-Gangas et al. 2025). Normally, we would
expect to see negative 12CO residuals at this location due to the
marginally resolved vertical structure of the emitting layer. The
fact that, in the work of L. Trapman et al. (2025a), we see 12CO
residuals with lower contrast on this side of the disk compared to
the opposite side could be because emission was compensated for
by a 5σ positive peak from a companion. Hence, we propose this
source of emission as a possible companion for this source.

2MASS J16082324-1930009 (Upper Scorpius 9, inc = 75.10,
R90% = 47.80 au, RCO,90% = 181 au). This is a substructured disk
with a shoulder in the intensity radial profile at 20–40 au. The
residuals show no significant extra emission. This disk shows an
inner gas cavity extending to 10 au, which might suggest an
unresolved dust cavity at the 10 au scale (Figure 11).

2MASS J16090075-1908526 (Upper Scorpius 10, inc = 49.14,
R90% = 42.0 au, RCO,90% = 75 au). This is a substructured disk
with a shoulder in the intensity radial profile at 20–35 au. This
shoulder-like emission in the visibility model resolves into a faint

ring when observed at high angular resolution (Figure 13).
Residuals show two asymmetric localized sources of emission
northeast and southwest. These could be due to an inaccurate disk
inclination or phase center (S. M. Andrews et al. 2021). However,
the gas residuals look correct (L. Trapman et al. 2025a), and the
shape of these dust residuals are correlated with the shape of the
gas residuals. We hence believe these residuals are tracing real
substructures.
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