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Abstract

The potential for planet formation of a circumstellar disk depends on the dust and gas reservoirs, which evolve as
a function of the disk age. The Atacama Large Millimeter/submillimeter Array AGE-PRO Large Program has
measured several disk properties across three star-forming regions of different ages, and in this study, we compare
the observational results to dust evolution simulations. Using DustPy for the dust evolution, and RADMC-3D for
the radiative transfer, we ran a large grid of models spanning stellar masses of 0.25, 0.50, 0.75, and 1.0M⊙, with
different initial conditions, including: disk sizes, disk gas masses, and dust-to-gas ratio, and viscosity. Our models
are performed assuming smooth, weakly, or strongly substructured disks, aiming to investigate if any
observational trend can favor or exclude the presence of dust traps. The observed gas masses in the disks of the
AGE-PRO sample are not reproducible with our models, which only consider viscous evolution with constant α,
suggesting that additional physical mechanisms play a role in the evolution of the gas mass of disks. When
comparing the dust continuum emission fluxes and sizes at 1.3 mm, we find that most of the disks in the AGE-
PRO sample are consistent with simulations that have either weak or strong dust traps. The evolution of spectral
index in the AGE-PRO sample is also suggestive of an unresolved population of dust traps. Future observations at
high angular resolution are still needed to test several hypotheses that result from comparing the observations to
our simulations, including that more massive disks in gas mass have the potential to form dust traps at larger disk
radii.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Stellar accretion disks (1579);
Hydrodynamical simulations (767)

1. Introduction

Planets are formed from the gas and dust in young
circumstellar disks. The diverse properties observed in the
exoplanet population, and the architecture of their planetary
systems, will depend on the properties and evolution of their
natal disks. Gas evolution can lead to (magneto)hydrodyna-
mical instabilities that could create pressure bumps in the
disks, halting the dust radial drift and allowing dust particles to
efficiently grow from micron-sized particles to kilometer-sized
bodies (see J. Bae et al. 2023; J. Dra̧żkowska et al. 2023;

G. Lesur et al. 2023, for recent reviews). An important
consideration is that the radial distribution of dust and gas in
disks evolves as a function of time. The evolution of the dust
particles strongly depends on the distribution and evolution of
the gas (T. Birnstiel 2024; N. van der Marel & P. Pinilla 2023).
The youngest disks (<1Myr) have a larger mass reservoir, and
also a higher frequency rate of mass replenishment through
material infall (M. Kuffmeier et al. 2023). In middle-aged
disks (∼1–3Myr), most of their disk material is concentrated
in the midplane where dust particles are typically observed in
ring-like substructures (e.g., F. Long et al. 2018; S. M. Andrews
2020; M. Villenave et al. 2020). Toward the end of a disk lifetime
(3∼10Myr), the gas disk mass reservoir is expected to decrease
to undetectable levels, as well as the dust mass, although the
amount of dust mass over time strongly depends on the presence
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or absence of substructures in disks (e.g., P. Pinilla et al. 2020).
Thus, by contrasting gas and dust observations of planet-forming
disks at different stages of evolution to gas and dust evolution
models, we can identify evolutionary patterns and better
understand the potential for planet formation of a disk.
Large observational samples of planet-forming disks have

revealed correlations between the properties of disks and their
stellar hosts. For example, stars of larger masses typically have
disks of larger continuum luminosity (M�–Lmm relation;
M. Ansdell et al. 2016; S. A. Barenfeld et al. 2016; I. Pascucci
et al. 2016; L. Testi et al. 2022). Similarly, more-massive stars
typically have higher mass accretion rates, which also
correlates with the disk (dust) mass (C. F. Manara et al.
2016, 2023). Correlations between the properties of disks have
also been found, such as the size–luminosity relation, where
the disk size in millimeter continuum emission positively
correlates with the millimeter luminosity (Rmm–Lmm; A. Tripathi
et al. 2017; N. Hendler et al. 2020). When studying these
relations as a function of disk age, we can begin testing the
mechanisms driving disk and planet-formation evolution, such as
viscous evolution models, MHD-disk driven evolution models,
and internal and external photoevaporation (e.g., M. Gárate et al.
2021, 2023; A. Somigliana et al. 2022, 2023; B. Tabone et al.
2022; C. Toci et al. 2023).
An important caveat to these observational trends is the

calculation of disk masses and sizes from observations at
millimeter wavelengths. The gas properties are often inferred
from the dust properties. When measuring the dust mass
content of a disk, the results rely on assuming optically thin
emission, dust opacity, and dust temperature, all of them
carrying significant uncertainties. Then, obtaining the gas
mass requires an additional assumption on the gas-to-dust
ratio in the disk. Therefore, observationally constraining the
gas mass and its distribution has remained challenging, which
also limits the comparison and interpretation of planet-
formation models. This caveat also limits the comparison
with dust evolution models. As the evolution of the dust
strongly depends on its coupling with the gas, key processes
of dust evolution (such as drift, settling, and diffusion)
depend on the gas mass of the disk, which is still unknown
for the large majority of systems.
The observations of the Atacama Large Millimeter/

submillimeter Array (ALMA) Large Program AGE-PRO have
allowed for the measurement of the gas mass and size in a
sample of 30 disks three different star-forming regions (SFRs),
which are representative of young, middle-aged, and evolved
disks (K. Zhang et al. 2025).
These measurements provide the first opportunity to

compare global disk evolution models to observations of disk
gas masses and sizes, for a large sample of disks. These
comparisons are relevant not only to understanding current
observational trends but also to exploring which ones we
might be missing, and contribute to guiding future efforts
toward better characterizing planet-forming disks.
In the present work, we investigate the role of dust traps and

viscous evolution in influencing the evolution of the dust
reservoir, and we compare them with observational trends
across the AGE-PRO sample. In Section 2, we describe the
models and the explored parameter space for the dust
evolution and radiative transfer models. Section 3 summarizes
the results of our models and the comparison with the AGE-

PRO observations. In Sections 4 and 5, we present the
discussion and conclusions of this work, respectively.

2. Dust Model and Synthetic Observations

We simulate the temporal and radial evolution of the dust
size distribution in planet-forming disks for a wide parameter
space, along with the relevant observable quantities, such as
the flux in the millimeter continuum, the corresponding gas
and dust disk size, the dust and gas masses, the dust-to-gas
ratio, pebble flux into the inner disk, and the accretion rates.
For the gas and dust evolution, we used the 1D dust evolution
code Dustpy18 (S. M. Stammler & T. Birnstiel 2022), which
is based on the disk model of T. Birnstiel et al. (2010), and
includes the effects of coagulation and fragmentation of
multiple dust species (by dust species, we refer to dust grain of
different sizes), their radial advection and diffusion, as well as
the viscous evolution of the gas.
Then, we used the radiative transfer code RADMC-

3D19 (C. P. Dullemond et al. 2012) to post-process the
simulations at selected snapshots, obtaining the corresponding
emission in the millimeter continuum. We compare the
properties of these radiative transfer images directly to those
measured by AGE-PRO observations, as the AGE-PRO disk
sizes were obtained using visibility modeling (M. Vioque
et al. 2025), which should alleviate the effect of beam
convolution. In the Appendix, we also describe the comparison
between the true properties of the radiative transfer images,
and those that are measured from images convolved with a
Gaussian beam and with thermal noise, to simulate the
conditions of the CLEAN images. In this section, we provide
an overview of our workflow, and describe the relevant
parameters of each code. For a detailed description of Dustpy
and RADMC-3D, we refer to S. M. Stammler & T. Birnstiel
(2022) and C. P. Dullemond et al. (2012).

2.1. Dust Evolution

The advection, diffusion, and growth or fragmentation of
dust particles are strongly determined by their Stokes number,
St, which can be understood as the dimensionless coupling
time to the gas motion or, more intuitively, as the dynamical
grain size. The Stokes number is related to the physical grain
size a through the following equation:

( )
/ /

/ /
= <

a
a

a
a

St
2

1 4 9

4

9
4 9,

1s

g

mfp

mfp
mfp

where ρs is the grain material density, Σg is the gas surface
density, and λmfp is the gas mean free path, where the latter is
used to distinguish between the Epstein and Stokes I drag
regimes (T. Birnstiel et al. 2010).
Then, the radial velocity of dust particles with a given size

particle is defined through:

( )=
+ +

v v v
1

1 St

2St

1 St
, 2kd 2 2

18 DustPy is available on github.com/stammler/DustPy. Version 0.5.6 was
used for this work.
19 www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
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where the first term represents the coupling to the gas radial
viscous velocity (J. E. Pringle 1981), and:

( ) ( )=v
r r

r
3

, 3
g

g

with ν = αcshg being the kinematic viscosity (N. I. Shakura &
R. A. Sunyaev 1973), cs is the sound speed, hg is the pressure
scale height, r is the radial coordinate, and α is the
dimensionless turbulence parameter. The second term corre-
sponds to the radial drift induced by the exchange of angular
momentum between gas and dust (Y. Nakagawa et al. 1986;
T. Takeuchi & D. N. C. Lin 2002), which depends on the
difference between the gas azimuthal velocity and the local
Keplerian speed vK, and can be expressed in terms of the
pressure gradient through ( ) ( )/ / /= h r d P d r1 2 ln lng

2 ,
where P is the pressure.
In principle, the drift term leads to pebble-sized dust grains

moving inward in a smooth disk, which will lead to very small
dust disk sizes over time, very low millimeter fluxes, and high
spectral indices (P. Pinilla et al. 2012, 2020). In contrast, when
disks have pressure bumps, particles can be trapped in pressure
maxima, which we commonly refer to as dust traps
(S. J. Weidenschilling 1977; P. Pinilla et al. 2012), while dust
diffusivity counterbalances the trapping efficiency, preventing
the rings from becoming infinitely narrow.
In our models, the dust grains of different sizes interact

between each other through coagulation and fragmentation
following the Smoluchowski equation (see T. Birnstiel et al.
2010; S. M. Stammler & T. Birnstiel 2022, for details), which
leads to two distinct regimes in which the local maximum
grain size may be either limited by either by fragmentation or
drift (see review by T. Birnstiel et al. 2016). We do not include
the effect of back-reaction of dust onto the gas, which can
affect disk evolution when there are high concentrations of
dust in the disk (e.g., M. Gárate et al. 2020).

2.2. Initial Conditions and Substructure Model

We initialized the disk surface density profile using a
variation of the D. Lynden-Bell & J. E. Pringle (1974) self-
similar solution,

( ) ( )
( )

( )/=r
M

r

r

r
r r

r2
exp , 4

c c
cg

disk
2

1
0

where Mdisk and rc correspond to the initial disk mass and
characteristic radius. We included bump-like substructures α(r)
in our turbulence profile that lead to self-sustained gaps in the
gas surface density profile (as in J. Stadler et al. 2022). The
radial turbulence profile is described by the following expres-
sion:

( )
( )

( )= × +r A
r r

w
1 exp

2
, 5

i
0 gap

gap,i
2

gap
2

which accounts for multiple Gaussian substructures of
amplitude Agap and location rgap,i, imposed over a base
turbulence parameter of α0. The width of the traps wgap is
defined by setting the Gaussian FWHM to the local scale
height value at the gap location hg(rgap). As the disk evolves,
the viscous evolution will increase the disk characteristic

radius, but keep the gap-like substructures that act as dust
traps. The work by P. Pinilla et al. (2021b) compared the effect
of including static pressure bumps from the beginning of the
simulations versus pressure bumps as assumed in our models.
As pressure bumps introduced using Equation (5) can take
more than 1Myr to reach the final amplitude, they trap less
dust than static traps that introduce early in the simulations.
This affects the final observables, such as millimeter fluxes and
spectral indices, which are discussed in Section 4.2.
This approach has the limitation that it does not capture the

3D structure of the dust dynamics, which, for example, can
result in more efficient diffusion across the gap when the
azimuthal dimension is considered (P. Weber et al. 2018).
Similarly, our approach does not include mechanisms such as
photoevaporation or MHD winds, which can contribute to the
disk evolution (e.g., C. J. Clarke et al. 2001; D. Fedele et al.
2010; R. Alexander et al. 2014; Á. Ribas et al. 2015;
B. Tabone et al. 2022; I. Pascucci et al. 2023).
We assumed that the disk temperature is set by stellar

irradiation and neglected the contribution of other alternative
sources, such as viscous heating or external irradiation.
Therefore, the temperature profile is given by the following
power-law profile:

( ) ( )
/ /

=T r
L

L

r

1 au
263 K, 6

1 4 1 2

which depends on the stellar luminosity L�.
Finally, the initial dust size distribution follows the

interstellar medium distribution (J. S. Mathis et al. 1977),
with a radially uniform dust-to-gas ratio of ε0, which then
evolves through the simulations. The initial dust distribution
goes from 0.5–1 μm, and the material density of the dust grains
is ρs = 1.6 g cm−3, with a fragmentation velocity of
vfrag = 10 m s−1 (B. Gundlach et al. 2011; K. Wada et al.
2011; B. Gundlach & J. Blum 2015), though laboratory studies
suggest that this value might be lower (B. Gundlach et al.
2018; G. Musiolik & G. Wurm 2019; T. Steinpilz et al. 2019).
Dust grains could still grow to larger sizes even at lower
fragmentation velocities, as long as the turbulence near the
midplane is also reduced (P. Pinilla et al. 2021b).

2.3. Parameter Space

Our simulations explore the parameter space in the stellar
massM�, the disk initial mass-to-star ratio (Mdisk/M�), the disk
characteristic size rc, and the different gap amplitudes Agap.
The ranges covered by these parameters are wide enough to
represent the observed properties of our systems. For
simplicity, we also refer to the trap amplitudes of
Equation (5) as “None” (Agap = 0), “Weak” (Agap = 1), or
“Strong” (Agap = 4). We also explore the parameter space in
the α0 turbulence, and initial dust-to-gas ratio ε0. The values
explored are shown in Table 1. It is important to note that these
simulations were performed during the time that the AGE-
PRO program was receiving data, and for this reason, the
initial gas disk mass (Mgas) was not tailored to the particular
values that are inferred from these observations (as presented
in L. Trapman et al. 2025b). Simulations that are tailored to the
properties of each disks will be part of a future publication.
The stellar masses range from 0.25M⊙ to 1.0M⊙ in steps of

0.25, which covers the stellar masses for the AGE-PRO
sources. For each stellar mass, we assign the corresponding
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stellar luminosity (matched in the order shown in Table 1),
which is used to determine the disk temperature in our dust
evolution model. In addition, for each combination of disk
mass, we initiate simulations with four different rc, which
therefore includes simulations of low-mass stars with very
compact disks (M� = 0.25M⊙ and rc = 15 au), as well as
solar-type stars with very extended disks (M� = 1.0M⊙ and
rc = 120 au). All of the other possible combinations, such as
low-mass stars with extended disks, and solar-type stars with
compact disks, are also considered.
The locations of the gaps (when Agap > 0) are fixed at 10,

40, and 70 au, provided that rgap� 2rc. That means that the
disks with rc = 15 au only have one gap at rgap = 10 au, the
disks with rc = 30 au have two gaps, while the disks with
rc = 60, 120 au have all three gaps at the same time. We
include gaps only inside 2rc, since 83% of the total disk mass
is contained within this radius in a disk that follows the same
prescription as in D. Lynden-Bell & J. E. Pringle (1974), and
therefore traps farther outside would only affect a minor
fraction of the inward-drifting solids.
The turbulence value associated with the dust dynamics

(settling, diffusion, and fragmentation) is typically the same as
the base value of the gas turbulence α0. However, for the
particular case with low gas turbulence α0 = 10−4, we chose to
decouple the turbulence value associated with the dust
fragmentation, in order to avoid an overly efficient grain
growth regime, which is computationally expensive to trace.
For this reason, we impose that the fragmentation turbulence
must be at least αfrag = 5 × 10−4, while turbulence values
associated with radial diffusivity and settling are always set to
the value of the gas δrad = δvert = α0.

2.4. Numerical Grid

The standard radial grid of the simulations goes from
rin = 5 au to rout = 500 au with nr = 250 logarithmically
spaced grid cells. This grid is used for most of our simulations,
except those with a small characteristic radius rc = 15 au,
where the grid goes from 2.5 au to rout = 250 au, to prevent
losing a significant fraction of the mass in the inner regions.
The standard mass grid for the grain size distribution ranges

from =m 10 gmin
12 to = ×m 3 10 gmax

6 , which, in terms of
the grain sizes, corresponds to approximately to µa 0.5 mmin
and a 75 cmmax , with nm = 134 logarithmically spaced grid
cells. For the simulations with low turbulence α0 = 10−4, the
upper limit of the mass grid is extended to =m 10 gmax

8 (and
nm = 141 grid cells).
The simulations ran from time t = 0 and up to t = 10Myr.

The key output of the DustPy simulations is time evolution
of the dust surface density, for every dust species in the grain
size distribution. We show an example of the dust size

distribution in a disk with gaps and without gaps in Figure 1,
where dust particles are trapped at the outer edges of the gaps.
Considering the different combinations of α0 and ε0 values,

we have two groups of simulations with α0 = 10−3 and
different ε0, and one with α0 = 10−4 and ε0 = 0.01. Each of
these three groups has 144 disks, which result from choosing the
different M�, Mdisk, Rc, and Agap. The state of each disk is saved
at nine different ages (0.1, 0.5, 0.8, 1, 2, 3, 5, 7, and 10Myr),
thus resulting in 3888 different snapshots of the disks evolution.

2.5. Radiative Transfer

The millimeter flux of the dust continuum emission is
obtained from the simulated dust size distribution with the
radiative transfer code RADMC-3D (C. P. Dullemond et al.
2012). The main goal of obtaining these fluxes is to compare
with the observations of AGE-PRO, and thus we chose to
generate images at wavelengths of λ = 1.05 mm and
λ = 1.3 mm, matching the two spectral setups of AGE-PRO.
Given the large number of simulations, we select only five
ages per disk to run the radiative transfer, at 0.5, 1, 2, 5, and
10Myr, covering all of the relevant ages of the SFRs in the
AGE-PRO sample (Ophiuchus, Lupus, and Upper Sco;
K. Zhang et al. 2025). This implies a total of 19,440 radiative
transfer models (5 × 3888).
To obtain the dust opacities, we use the code

OpTool20 (C. Dominik et al. 2021), and assume that the
grain composition follows the model of L. Ricci et al. (2010),

Table 1
Disk Model Parameters

Symbol Description [Units] Value

M� Stellar mass [M⊙] 0.25, 0.5, 0.75, 1.0
L� Stellar Luminosity [L⊙] 0.15, 0.25, 0.5, 1.0
Mdisk Initial disk mass [M�] 0.01, 0.05, 0.1
rc Characteristic radius [au] 15, 30, 60, 120
Agap Trap amplitude 0, 1, 4
rgap Gap locations [au] 10, 40, 70
α0 Viscosity parameter 10−4, 10−3

ε0 Initial dust-to-gas ratio 0.01, 0.05

Figure 1. Dust size distribution for a disk with (top) and without (bottom)
substructures at 1 Myr. The simulations correspond to a disk with M� = 1 M⊙,
Mdisk = 0.1 M�, Rc = 60 au, α0 = 10−3, and ε0 = 0.01.

20 github.com/cdominik/optool
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where the dust grains are composed of 10% Silicate
(B. T. Draine 2003), 20% Carbon (V. G. Zubko et al. 1996),
30% water ice (S. G. Warren & R. E. Brandt 2008), and 40%
vacuum.
Rather than calculating the opacities for all 134 (or 141)

dust grain species, we chose to re-sample our grain size grid
(and the corresponding dust surface densities) down to only 30
dust grain species, which still cover all of the key features of
the opacity profile from L. Ricci et al. (2010) at our target
wavelength. The size grid for the radiative transfer model is
defined with three intervals of logarithmically spaced grid cells
between 0.5 μm, 50 μm, 0.1 cm, and 20 cm, with 5, 15, and 10
grid cells, respectively. Dust sizes that fall outside the grid
boundaries are ignored in the re-sampling, with no significant
loss of mass.
The 1D dust surface density profiles are converted into 2D

volumetric density profiles, in a spherical grid where the radial
coordinates are the same as the Dustpy radial grid, and the
colatitude coordinate goes from θmin = 0 to θmax = π, with
nθ = 180 grid cells. The disk is assumed to be axisymmetric,
and we also assume that the dust is in vertical hydrostatic
equilibrium distributed according to the following Gaussian
profile (S. Fromang & R. P. Nelson 2009):

where ρd,i is the volumetric dust density for the dust grain
species i, Σd,i is the dust surface density, hd,i is the dust scale
height from B. Dubrulle et al. (1995), and z is the vertical
distance from the midplane. We illustrate the spatial distribu-
tion of small and large grains for the case of a disk with
substructures in Figure 2, where we observe how larger grains
have migrated inward and are settled closer to the midplane.
The central star is assumed to emit as a perfect blackbody,
where the total luminosity is the corresponding value of L�,
and the stellar temperature is obtained from the stellar tracks
(A. Dotter et al. 2008).
The radiative transfer calculation was performed in two steps.

First, we ran a Monte Carlo simulation to obtain the dust
temperature for every grain species, using nphot = 107 photon
packages. In a second step, we obtained the simulated images at
the target wavelengths, with nphot = 2 · 105 photon packages to
account for the contribution of isotropic scattering. We ignore
more complex scattering processes due to the high computational
cost for covering our complete parameter space, and we verified
the flux variations were well below 10% of the total flux.
For additional testing, we also further processed the

radiative transfer images into synthetic observations to
simulate the sensitivity and angular resolution of the AGE-
PRO observational setup. In the main text, all of the
comparisons are done between the radiative transfer models
and the properties of the AGE-PRO disks as recovered from
the observations, and additional discussion on the influence of
the beam convolution when comparing disk radii is provided
in the Appendix.

3. Results

In the following Section, the comparison between the AGE-
PRO sources and our simulations is done by groups of different
ages. The Ophiuchus sources are compared to our simulations at

0.5Myr. The Lupus sources are compared to the simulations at
1Myr and 2Myr. The Upper Sco sources are divided in two
groups: For stellar hosts younger than 3Myr, we compared
them to our simulations at 2Myr, while for the stellar hosts
older than 3Myr, we compared them to the simulations at
5Myr. The decision to split at these ages comes from the
recalculation of stellar properties for the sources within AGE-
PRO, which resulted in two age clusters in the Upper Sco
sample, one of which is more consistent with the ages of the
Lupus disks, while another is consistent with an older age. The
full discussion about the estimation of M� and age is given in
K. Zhang et al. (2025), and we refer the reader to that work for a
detailed description. We compared the observational results of
AGE-PRO to the simulations with standard values of α = 10−3

and dust-to-gas ratio of 0.01. While the specific properties of the
disks can change slightly for α = 10−4 or initial dust-to-gas
ratio of 0.05, the qualitative evolution and spread of properties
is the same as with the standard values.
The following subsections focus on comparing the results of

the simulations to those of the observed disks in AGE-PRO.
For each comparison, we present the results of the simulations
in groups of disks with the same initial condition, such as their
initial disk mass as a fraction of stellar mass (Mdisk/M�), or by
their initial disk characteristic size rc.

3.1. Gas Mass Evolution

In our simulations, the evolution of Mgas is only driven by
viscous evolution. The presence of dust traps does not produce

Figure 2. Dust spatial distribution of small (top, 1 μm) and large (bottom
1mm) grains, for a disk with substructures at 1 Myr from the same model
presented in the top panel of Figure 1.
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and the opacity law might be more complex than our simple
assumption. Thus, comparing the observed flux of the AGE-
PRO sources to the radiative transfer model of the simulations
is a more robust approach than comparing Mpebble to the
estimated Mdust.
In Figure 5, the total flux of our simulations at 1.3 mm is

compared to the measurements of AGE-PRO at the same
wavelength. The overall conclusion from comparing dust
masses remains the same when comparing the fluxes: disks
with strong and weak traps are more representative of the
evolutionary trend observed across the three regions. However,
we also find that the total brightness of some disks could be
explained by disks without any dust trapping. The key
difference with the dust mass comparison from Section 3.2
comes from the contribution to the total brightness from small
grains (<0.1 mm) in the opacities from L. Ricci et al. (2010).
See Section 4 for a more detailed discussion on this topic.
The 1.3 mm flux of the three faintest sources in Lupus

sample (Lupus 5, 7, 9) is barely consistent with the strong
trapping dust models at 2 Myr of age, and they are not
consistent with the 1Myr strong trap disks. On the opposite
side, the brightest sources in Lupus (Lupus 2, 10) cannot be
explained in a model without dust traps at either 1 or 2Myr of
age. Similarly, the brightest sources of the Upper Sco sample
(Upper Sco 1, 8, 9, 10) cannot be explained by models without
dust traps if they are older than 5Myr.

As in the case of the comparison with the dust mass in
Section 3.2, we find that the fluxes observed in the AGE-PRO
sample are more consistent with the simulations with strong
and weak dust traps for ages later than 1Myr. Differently from
the comparison with pebble mass, where the dust trapping
amplitude could be distinguished even at the early stages at
0.5Myr, their dust continuum brightness is consistent with any
of the dust trapping scenarios. Therefore, according to our
models, disentangling the potential trapping efficiency in
planet-forming disks purely from continuum flux measure-
ments is only possible when looking at the evolution over time,
as young disks (<1Myr) have similar fluxes in the models
independent of the presence and amplitude of pressure bumps.

3.4. Disk Size in Pebble Mass and Dust Continuum Emission

We estimate the size of the disks in dust content by measuring
the radius at which 90% of the Mpebble is contained, and we refer
to this value as R90%,pebble, as shown in Figure 6. Because it is
derived from Mpebble, this R90%,pebble only considers pebbles
larger than 0.1 mm. In the disks with strong and weak traps, the
location of the radius containing the R90%,pebble is completely
determined by the location of the outer dust trap, even at early
ages of 1Myr, and also for the late ages of 10Myr. In the case of
disks with no dust trap, the R90%,pebble decreases as a function of
age as the larger pebbles drift unimpeded toward the center of the

Figure 4. Pebble mass vs. stellar mass at different ages and trap amplitudes (strong, weak, and none from top to bottom, respectively) from simulations, considering
pebbles as grain sizes between 0.1 mm and 10 cm. The shaded regions enclose the simulated disks of different initial disk masses. For comparison, the star markers
show the estimated values for Mdust for the disks in Ophiuchus (compared to 0.5 Myr), Lupus (compared to 1 and 2 Myr), and Upper Sco (compared to 3 or 5 Myr,
depending on the age of the sources). The dashed horizontal line shows the approximated 3σ sensitivity of AGE-PRO.
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disk. We further discuss this result in comparison with the
literature in Section 4.
From an observational perspective, calculating the R90%,pebble

is challenging due to the poorly constrained distribution of
optical depth, opacity, and temperature. Thus, an alternative
measure for the disk size is the radius containing a certain
fraction of the brightness, typically chosen to be 90% (e.g.,
G. P. Rosotti et al. 2019; N. Hendler et al. 2020; N. T. Kurtovic
et al. 2021; E. Sanchis et al. 2021; F. Long et al. 2022). Further
details about these measurements in the AGE-PRO sample are
described in M. Vioque et al. (2025) and L. Trapman et al.
(2025a). We compared these radii containing the 90% of the
emission (R90%,mm) from the observations of AGE-PRO to that
of our radiative transfer images at 1.3 mm, as shown in Figure 7
as a function of M� and age.
At the early age of 0.5 Myr, the distribution of R90%,mm is

similar regardless of the strength of trapping, with the R90%,mm
only slightly evolving from the initial disk conditions. In the
case of the disks with traps, at an age of 1Myr, the material in
the dust traps represents the major contribution to the disk
continuum brightness. Thus, R90%,mm also traces the location
of the outermost trap, both for weak and strong traps.
The role of dust traps in determining R90%,mm changes as the

radial drift starts depleting the disk of pebbles. At 2Myr for
the disks with weak traps, and at 5 Myr for the disks with
strong traps, the most compact disks (with a starting critical
radius of 15 au) show an increase in their R90%,mm, as the
relative contribution to the disk brightness reverses from the
dust in the traps to the micron-sized grains in the outer regions

of the disk. By the age of 10Myr, disks with very different
initial conditions show similar R90%,mm, even for groups of
disks with the same trap strength. However, these disks can
still be distinguished based on their millimeter brightness.
In the case of disks with no dust traps, the R90%,mm tends to

increase as a function of age, as the micron-sized grains in the
outer disk become the dominant contributing source to the
millimeter emission when the larger grains are depleted by
migrating inward in the disk. This is the opposite as the
evolution of R90%,pebble. Similarly to the simulations with dust
traps, the disks with smaller initial rc show a faster increase as
a function of age, as solids are depleted at earlier stages. The
disks in Upper Sco that are older than 3Myr can only be
reproduced by the simulations where the outermost dust trap
was located closer to the star (<20 au), and they are more
consistent with strong trap models.

3.5. Spectral Index

The dual-band setup of the AGE-PRO observations (Band 6
and Band 7 at 1.3–1.05 mm) allows for comparison of the
spatially integrated spectral index αmm with our radiative
transfer images. We measure the spectral index from the total
flux of the disks, assuming Rayleigh–Jeans limit and using the
relation:

( )=
F F

v v

log log

log log
, 9mm

10 B7 10 B6

10 B7 10 B6

where F is the flux in each ALMA band, and ν is the
representative frequency for that flux. Values of αmm ≈ 2 are

Figure 5. Same as Figure 4, but with dust continuum fluxes at 1.3 mm (230 GHz) vs. the stellar mass.
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expected for disks that are optically thick at the observed
wavelengths, while higher values are typically associated with
more optically thin emission (see M. Tazzari et al. 2021). The
results are shown in Figure 8.
Interestingly, a few disks in the Lupus region have αmm ≈ 2

or below, which are not matched by any of our simulations.
These very low values are common in the Lupus SFR
(M. Tazzari et al. 2021), and a more detailed description of
αmm with a wider wavelength coverage might be needed to
understand the mechanisms driving these low values. Among
the possible scenarios, free–free emission coming from the
disk center could contribute to lower α when the total flux is
considered (e.g., A. Garufi et al. 2025), especially in compact
disks, and also self-scattering of millimeter emission in
optically thick disks (H. B. Liu 2019). Thus, multiwavelength
observations at higher angular resolution are needed to recover
αmm as a function of radii (e.g., J. Huang et al. 2018; F. Long
et al. 2020; P. Pinilla et al. 2021a; K. Doi & A. Kataoka 2023;
S. Das et al. 2024; A. Sierra et al. 2024). The remaining disks
in Lupus seem consistent with either weak or strong traps, as
their spectral index cannot be reproduced by disks with no
traps.
A large dispersion in the values of spectral indices is also

observed in Upper Sco, ranging from 1.9–3.2, which is
probably tracing the diversity of locations and strength of dust
traps in these disks. Almost all of the values for spectral index
in this region are consistent with strong and weak dust traps,
but a few disks with the highest spectral index could be
consistent with weak traps. Even though some Upper Sco disks

have a matching spectral index with simulations with no traps,
those disks are not consistent in the other properties (flux or
radii) to those simulations, which contributes to rule-out that
scenario. Our results are also consistent with those from
J. Stadler et al. (2022) and L. Delussu et al. (2024), who also
demonstrated that dust traps are needed to explain the spectral
index of large disk populations.
The observed spectral indices of Lupus and Upper Sco are

also shown in Figure 9 in comparison with multiple properties
of those systems. These comparisons show no clear trend with
disk gas or dust mass (Mgas, Mdust), nor with disk size (Rgas,
Rdust). A tentative trend, however, is seen between the spectral
index and the gas-to-dust mass ratio of the disks (panel (g) in
Figure 9). In the Upper Sco SFR, there is a potential relation
between larger Rgas and higher spectral index, but a larger disk
sample is needed to test it. Similarly, higher angular resolution
observations would allow us to explore the relation between
spectral index and dust emission morphology, including the
location and shape of dust traps that could be driving the large
range of total flux measurements.

4. Discussion

4.1. The Evolution of Mgas

The Mgas of the AGE-PRO sample from L. Trapman et al.
(2025b) are distributed over a wider range of masses compared
to our models, which only include the pure viscous evolution
scenario, as presented in Figure 3. The dispersion of 1 order of
magnitude in the initial mass of our disks, which were set to be

Figure 6. Radius enclosing 90% of the pebble mass vs. stellar mass. The shaded regions enclose the simulated disks of different initial disk critical radius, as shown
by their different symbols. The dashed lines show the location of the dust traps in the simulations.
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initially 1%, 5%, and 10% of the stellar host mass M�, is not
enough to cover the 3 orders of magnitude of difference that is
observed in Ophiuchus (see Figure 3), which later increases to
be ~4 orders of magnitude for Lupus and Upper Sco. Within
the uncertainties, less than half of the disks are consistent with
those of our simulations, and the disks with the lowest Mgas do
not even coincide with the simulations with initial
Mgas = 0.01M�.
The slow decline of Mgas in our simulations is a result of the

long viscous timescales in our disks, which are simulated with
a constant α of 10−3 or 10−4 depending on the setup. While a
value greater than 10−3 for α would accelerate the disk
dispersal by viscous accretion, various indirect observational
results suggest that, at a disk population level, the disk
turbulence typically has low values of α � 3 · 10−3 (see review
by G. P. Rosotti 2023). This is suggested by the absence of
evidence for viscous spreading (e.g., F. Long et al. 2022), the
large spread in the /M M relation (e.g., G. Lodato et al. 2017),
or the low scale height at millimeter wavelengths measured
from edge-on disks (M. Villenave et al. 2020, 2022).
Another caveat when considering viscous timescales in our

simulations is that our models have a constant α not only in
radii but also in time. A time evolution in the value of α is
expected as the disks and their environment evolve, thus
changing the distribution of temperature, density, and ioniz-
ation (e.g., T. N. Delage et al. 2022, 2023). Very short viscous
timescales for ages <1.0Myr could contribute to removing
disk masses, with α values decreasing for later disk stages,

explaining the small variation in disk masses between Lupus
and Upper Sco, the low Mgas for some Ophiuchus disks, and
also the large variation between Ophiuchus and Lupus.
While the star formation process can potentially result in a

large diversity of initial conditions, population synthesis
models such as M. R. Bate (2018) have shown that the initial
disk mass is typically in the range between Mdisk/M� = 0.1 to
1 for ages <105 yr. Since it seems unrealistic to expect the
initial disk-star-mass ratio to be <1% (especially considering
that the sample selection of AGE-PRO required a previous
12CO detection), the mismatch between our simulations and
the AGE-PRO observations suggests that viscous evolution
with globally low-viscosity scenarios (α = 10−3∼10−4) is not
solely responsible for transporting angular momentum and/or
removing gas from the disk over its lifetime. Instead, higher-
viscosity scenarios, or other processes in addition to viscous
evolution, must also be contributing, such as MHD winds or
photoevaporation. These mechanisms must begin removing
mass from the disks at a very early stage (<0.5 Myr), as even
for a region such as Ophiuchus, the masses of our viscous
evolution models are larger than some of those observed. This
hypothesis is also supported by B. Tabone et al. (2025) and R.
Anania et al. (2025), where they explore the role of MHD and
(internal/external) photoevaporation in removing gas mass
from the disk.
Alternatively, external perturbers in the form of companions

or fly-bys could also contribute to dispersing disk masses
through tidal interactions (see S. S. R. Offner et al. 2023;

Figure 7. Radius enclosing 90% of the millimeter flux continuum as a function of the stellar mass. The symbols and colors regions are the same as in Figure 6. The
star markers show the measured R90% of the AGE-PRO sources, with the exception of V1094 Sco (Lupus 10). The dashed lines show the location of the dust traps in
the simulations.
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A. Zurlo et al. 2023, for reviews), especially at early ages
when SFRs have a higher number density of stars. Several
systems from the literature have been reported as having gas
morphologies consistent with simulations of interactions over
the last few hundred years (e.g., N. T. Kurtovic et al. 2018;
J. E. Rodriguez et al. 2018; F. Ménard et al. 2020; L. A. Zapata
et al. 2020); systems that seem isolated today could have
suffered from a fly-by tens of thousands of years ago or earlier
(e.g., A. J. Winter et al. 2018). Thus, the large range of Mgas

observed in AGE-PRO might originate from a combination of
internal and external mechanisms.
Among the external mechanisms that could modify the mass

of a disk, recent population synthesis simulations have shown
that late infall of material could contribute to increasing the
mass reservoir of a disk by more than 50% (M. Kuffmeier
et al. 2023) within a disk lifetime. These infalls have already
been observed toward young objects (e.g., H.-W. Yen et al.
2017; S. L. Grant et al. 2021; L. Cacciapuoti et al. 2024).
These positive mass contributions put a higher tension between
the AGE-PRO observations and explaining mass loss through
only viscous evolution models.
Despite the low values of Mgas that are not reproduced by

our models, the comparison between Mpebble (or Fmm) shows a
better agreement, suggesting that early dispersal mechanisms
at <1Myr are affecting the gas more than the dust component.
Tentatively, dust growth and evolution through radial drift
could be protecting the dust reservoir at more compact radii in
the midplane of disks compared to gas, which extends much

farther from the star. Since Mgas is higher in our simulations, it
implies that there are high dust-to-gas ratios in the observa-
tions that we do not reproduce in our models. The impact of
this discrepancy on the trends derived from dust observables
remains to be investigated.

4.2. Trends in AGE-PRO that Are Reproduced by Dust
Evolution Models

We find a better agreement when we compare the properties
of dust continuum emission of the AGE-PRO observations to
the dust evolution simulations with either strong or weak traps.
The combination of disk size in continuum emission, as well as
the continuum brightness, allows us to exclude disks with no
pressure traps as the dominant population in the observations of
AGE-PRO, in line with the previous results from A. Zormpas
et al. (2022) and L. Delussu et al. (2024).
At the very early disk stages, traced by the sources in

Ophiuchus, the observed values of Fmm or R90%,mm are
consistent with any of the trapping scenarios, suggesting there
has not been enough time for dust radial drift to deplete the
disks of solid material. Thus, the solid content at early stages
(<1Myr) might be a good tracer of the initial dust content of
disks if the young disks have had a constant low viscosity in
their midplanes. By the age of Lupus and Upper Sco, the disks
are more consistent with the simulations with either weak or
strong dust trapping, as those with no traps have already lost a
significant amount of its solid reservoir. It is relevant to
mention that our disks have static traps over time and location,

Figure 8. Spectral index between 230 and 283 GHz (1.3 and 1.06 mm) vs. stellar mass, representative of the wavelengths covered by the AGE-PRO ALMA Band 6
and Band 7 observations. The colored regions enclose the minimum and maximum spectral indexes for each initial disk mass group. The squares show the spectral
index as measured from the AGE-PRO observations for the Lupus and Upper Sco SFR.
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which contributes to trapping dust more efficiently. Variability
in the dust trapping strength or location would result in more
leaky traps, which would make the results more similar to
those of simulations without traps (P. Pinilla et al. 2021b).
When comparing observations to radiative transfer models,

it is relevant to consider that the contribution of small grains
(<100 μm) with the opacity from L. Ricci et al. (2010) is
higher than that from other opacities, such as the DSHARP
opacities (T. Birnstiel et al. 2018; see, for example, J. Stadler
et al. 2022), thus the radiative transfer image of simulations
with very little pebble mass (<0.1M⊕) can have detectable
millimeter brightness, considering the AGE-PRO sensitivity.
Even though the millimeter flux of simulations with no traps at
10Myr of age is comparable to fluxes of some Upper Sco
disks, the R90% of the simulations does not coincide with the
observed radii. Further studies considering multimillimeter
wavelength observations will be able to set stronger constraints
on the grain size distribution (e.g., A. Sierra et al. 2024), thus
allowing for better direct comparisons between radiative
transfer models and the AGE-PRO observations.
Previous studies have shown that there is a decreasing trend

in dust continuum millimeter brightness as a function of age
(N. Hendler et al. 2020; C. F. Manara et al. 2023), which is
also observed within the AGE-PRO sample (see Figure 5).
This decreasing trend with age is also reproduced in our
simulations in Mpebble or F1.3mm, but it can be significantly
slowed down for disks with strong traps, thus increasing the
range of observed millimeter fluxes for a given SFR. The disks

with high dust content and older than 3Myr favor the scenario
of traps, when comparing their dust masses to those of the dust
evolution simulations.
When considering the evolution of size in disks, we find that

the connection between R90%,pebble and R90%,flux has a high
dependency on the choice of opacities, as also discussed by
J. Stadler et al. (2022) and L. Delussu et al. (2024).
Observationally, the sizes of disks are typically measured
from millimeter continuum emission, and they are used as a
tracer for dust mass distribution. However, these values can
have large discrepancies if most of the dust mass is contained
in small grains (<100 μm). For example, the R90%,pebble
(which only considers grains >100 μm) in disks without traps
shows a monotonically decreasing trend as a function of age,
which is a natural result of dust radial drift. However, when
considering the R90% of the disks in millimeter brightness, we
see these disks becoming larger as a function of time, as the
contributions from small grains in the outer part of the disks
become the dominant millimeter flux source.
The distinction of pebbles used in this work is relevant to

compare with previous works analyzing the evolution of disk
sizes. For example, G. P. Rosotti et al. (2019) found that the
radius containing the total dust mass of the disk grows as a
function of time in the absence of traps, as a result of micron-
sized grains being coupled to the expanding gas in viscous
evolution. This is in contrast to the behavior of our R90%,pebble
in the absence of traps, which does not consider the
contribution of micron-sized grains to the pebble-mass

Figure 9. Observed spectral index between 230 and 283 GHz (1.3 and 1.06 mm), compared to other observational properties. The dashed lines in panel (i) show the
median spectral index for each SFR.
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content. Depending on the millimeter opacity of these small
grains (<100 μm-sized), the radiative transfer models of disks
with no traps can show shrinking radii as a function of time (as
in G. P. Rosotti et al. 2019), or increasing radii as a function of
time (this work; see Figure 7); thus, dust opacity is one of the
most relevant sources of uncertainty when comparing models
to observations (see also L. Delussu et al. 2024).
In the presence of traps, the connection between R90%,pebble

and R90%,mm becomes more direct. The value of R90%,pebble is
completely determined by the location of the outermost dust
trap, which is also true for R90%,mm as long as the millimeter
flux contribution of the material in the trap is larger than that of
the micron-sized grains in the outer disk. Thus, the size of
disks in millimeter emission might not be a good tracer of disk
evolution, consistent with the findings of G. D. Mulders et al.
(2017). In L. Trapman et al. (2025b), a positive correlation
between Mgas and R90%,mm is detected. If R90%,mm is indeed
tracing the location of the outermost trap, this relation could be
evidence of more-massive disks having a higher potential for
generating dust traps at larger radii. Additional observations at
higher angular resolution across the whole AGE-PRO sample
are needed to test this hypothesis.
Finally, we observe a large spread in the spectral indices

both in Lupus and in Upper Sco, as presented in Figure 9.
From our simulations, an increase in the spectral index is
expected as a function of age. In the absence of traps, this
increase happens very early in a disk age (about 2 Myr), and it
is only in the presence of dust traps that the spectral index
distribution can have a distribution ranging from 2–4 for later
ages, as observed by AGE-PRO. Even though the role of self-
scattering, optical depth, and free–free emission needs to be
further investigated with additional multiwavelength observa-
tions, our measurements of spectral indices offer additional
support for the presence of either weak or strong traps in the
AGE-PRO sample.

5. Conclusions

In this work, we compared dust evolution models to the
AGE-PRO observations. Our models considered similar stellar
masses and luminosities as the host stars of the AGE-PRO
sample and included three different initial gas disk masses and
four initial disk characteristic radii. Additionally, we assumed
models that either do not have any dust traps or models that
have weak or strong dust traps. The results of the dust evolution
are taken to perform radiative transfer calculations, considering
five different evolution times t = [0.5, 1, 2, 5, 10]Myr. These
outputs are compared to observations of disks in Ophiuchus
(compared to output at 0.5Myr), Lupus (1 and 2Myr), and
Upper Sco (2 and 5Myr). The main conclusions of our work are
as follows:

1. The pebble masses and millimeter fluxes obtained at
0.5 Myr of evolution are representative of the initial dust
reservoir for planet formation in disks, if the disks have
had a low viscosity from the beginning. For this reason,
when comparing our models to observations of the young
disks in Ophiuchus, the data does not strongly favor
models with or without substructures, as little dust loss
has occurred due to drift at these early stages.

2. When comparing our models at more evolved stages with
the Lupus and Upper Sco data, the observations (in

particular, the observed millimeter fluxes and spectral
indices) favor the presence of dust traps in disks, as the
simulations with no traps are unable to follow the
observational trends. The preference between weak and
strong traps depends on the time of evolution when we
compare the data, and also on each specific disk. Our
models suggest that the dust content of the disks in
Upper Sco have mostly survived until their current age
due to the presence of traps. When traps are present in
disks, moderate drift can still happen, decreasing the
millimeter flux over time, but allowing Rdust to remain
stable over time, as found in the AGE-PRO observations.

3. The dust disk size is determined by the location of the
outermost dust trap, even at early evolution times
(<1Myr). The AGE-PRO observations show a positive
trend between the R90%,mm andMgas. In the context of the
models of this work, this would imply that more-massive
disks have a higher potential to form traps farther out. In
the absence of traps, the expected shrink of R90%,mm over
time is not obtained in our synthetic observations: when
drift removes millimeter-sized particles in the outer parts
of the disks, the micron-sized particles start to dominate
the millimeter emission, which could contribute to hiding
the shrinking of disk size in high sensitivity observations,
as it is the case for AGE-PRO.

4. The spatially integrated spectral index obtained for
Lupus and Upper Sco sources in AGE-PRO shows a
large spread, ranging from disks that are consistent with
being completely optically thick, to others where the
emission is more consistent with being optically thin at
the wavelength of the AGE-PRO observations. In
simulations with stronger traps, the spectral index can
remain closer to αmm ≈ 2 until later ages, compared to
weaker traps. Thus, the spectral index comparison also
favors the presence of traps.
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Appendix
Synthetic Observations: Comparison with CLEAN Images

There are three main products to consider when generating
an image from interferometric data with the CLEAN
algorithm: (a) the model image, which is generated from the
visibilities; (b) the residual image, which represents the
Fourier transform of the residual visibilities, whose amplitude
should be comparable with the thermal noise background; and
(c) the point-spread function (PSF) image, which shows the
response of the visibility sampling to a point-source emission.
In order to estimate the angular resolution of an observation, a
Gaussian function is fitted to the PSF image, thus quantifying
the smallest possible angular scale that can be recovered in the
image. Spatial variations in the model image that are smaller
than the angular resolution could be the result of the
reconstruction process, and do not necessarily represent an
existing structure detected by the observation. Thus, the model
image is convolved with the Gaussian representative of the
PSF shape, erasing brightness structures of higher spatial
frequency than those recoverable with the visibility coverage.
As a final step, the convolved model is added with the residual
image, and the result is the reconstructed image of CLEAN.
In Section 3, properties such as total flux and disk size from

radiative transfer models of the simulations have been
compared to the AGE-PRO sources. In the case of radiative
transfer models, those properties are easily obtained due to the
absence of beam convolution or noise. However, for
interferometric observations, they are more challenging to
recover due to the limited angular resolution and sensitivity.
Even though measurements with visibility modeling of the
dust continuum emission contribute to increase the accuracy of
results such as total flux and disk size, and partially
overcoming the issues related to image reconstruction (see
M. Vioque et al. 2025), they are still limited to the physical
constraints of the data set, such as the signal-to-noise ratio at
the longest baselines.
For additional testing of the influence of the beam

convolution and the thermal noise in the measured radii of
the disk, we generated synthetic observations directly in the
image plane, using the radiative transfer image as the CLEAN
model (J. A. Högbom 1974; B. G. Clark 1980), and convolving

it with a Gaussian kernel representative of the angular
resolution. We added a thermal noise image with a comparable
standard deviation to that of the AGE-PRO observations. In
comparison with the CLEAN algorithm, the main difference is
in the method used to generate the underlying model. With
CLEAN, the model is constructed as a collection of point
sources and Gaussians, while in our simulated observations,
the model comes directly as an output of the radiative transfer.
The AGE-PRO observations have an average angular

resolution of 0.25 and 0.8 in the 1.3 mm and 1.05 mm setups;
thus, we use those values as the FWHM of the Gaussian kernel
to convolve the radiative transfer images. In the CLEAN
algorithm, the sensitivity is set by the standard deviation of the
intensity distribution in the residual map. In the idealized
scenario where all of the real emission is extracted in the
CLEAN model, then the intensity of the CLEAN residuals
should distribute as thermal noise. Thus, we represent the
limited sensitivity in our synthetic observations by adding a
thermal noise image, generated by assigning fluxes to each
pixel following a Gaussian distribution centered at 0 and a
standard deviation of μ = 1. An example of a thermal noise
image is shown in panel (a) of Figure 10. This thermal noise
image is then convolved with the same beam as the radiative
transfer image, and normalized to match a sensitivity of
25 μJy beam−1, comparable to AGE-PRO (see panel (b) of
Figure 10). The convolved thermal noise image is then added
to the convolved model image, thus obtaining a synthetic
observation, as shown in panel (d) of Figure 10. From these
final images, we obtain the synthetic disk fluxes, sizes, and
infer spectral indices.
We calculated the R90%,cont from the synthetic observations

similarly to the AGE-PRO observations (L. Trapman et al.
2025a). The disk size is measured by calculating an
azimuthally symmetric radial profile (Iν := Iν(r)), and finding
the radii that includes 90% of the total flux. However, the
measurement of the total flux is dependent on the size of the
elliptical aperture where flux is integrated. The emission from
the disks would only contribute positively to an intensity
profile, but the contribution from thermal noise will oscillate
between positive and negative values. Thus, the radius
containing 100% of a disk flux (R100%) is estimated from the
radius at which the azimuthally averaged radial profile
transitions from a positive value of Iν to a negative value. The
R100% can also be interpreted as the radius at which the radial
profile goes from being dominated by disk emission to a noise-
dominated regime. An equivalent method is to find the R100%
by looking at the cumulative flux radial profile of a disk, and
finding the radius at which the first derivative of Iν becomes 0.
When measuring R100% from the brightness profiles, an

important caveat should be considered for disks with large
depleted gaps or cavities, where the emission could become
noise dominated before reaching the next emission substruc-
ture. In the synthetic images of our simulated disks, however,
this is never the case, as there is no cavity or depleted gap
larger than the beam size. Due to the relatively large beam
compared to the disk sizes in the AGE-PRO observations,
none of the cavities are resolved as empty either.
The synthetic images generated from the radiative transfer

simulations do not have an inclination or rotation applied, and
thus, they simulate disks that have been observed in a face-on
configuration. Since the beam convolution is done with a
circular Gaussian kernel, there is no distortion of the flux in a
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preferred axis, as is the case with interferometric observations,
where there is typically one beam axis larger than the other.
Thus, our measurements are not affected by either disk
geometry or beam asymmetries. The measurement of disk
sizes using the above-described method proves robust for
bright disks that are larger than approximately 3 times the
angular resolution of the image (the FWHM of the beam in our
synthetic observations is 0.250), as shown in Figure 11.
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