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Abstract

We present the Atacama Large Millimeter/submillimeter Array Survey of Gas Evolution of PROtoplanetary
Disks (AGE-PRO), a large program of the ALMA. AGE-PRO aims to systematically trace the evolution of gas
disk mass and size throughout the lifetime of protoplanetary disks. It uses a carefully selected sample of 30 disks
around M3-K6 stars in three nearby star-forming regions: Ophiuchus (0.5-1 Myr), Lupus (1-3 Myr), and Upper
Sco (2-6 Myr). Assuming the three regions had similar initial conditions and evolutionary paths, we find the
median gas disk mass appears to decrease with age. Ophiuchus disks have the highest median gas mass (6 My,;),
while the Lupus and Upper Sco disks have significantly lower median masses (0.68 and 0.44 My, respectively).
Notably, the gas and dust disk masses appear to evolve on different timescales. This is evidenced by the median
gas-to-dust mass ratio, which decreases from 122 in the youngest disks (<1 Myr) to 46 in Lupus disks, and then
increases to 120 in the Upper Sco disks. The median gas disk sizes range between 74 and 110 au, suggesting that
typical gas disks are much smaller than those of well-studied, massive disks. Population synthesis models suggest
that magnetohydrodynamic wind-driven accretion can reproduce median disk properties across all three regions,
when assuming compact disks with a declining magnetic field over time. In contrast, turbulent-driven models
overestimate gas masses of >1 Myr disks by an order of magnitude. Here, we discuss the program’s motivation,
survey design, sample selection, observation and data calibration processes, and highlight the initial results.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planet formation (1241)

1. Introduction of planetesimals, the accretion of planetary atmospheres, to the

Planets form in gas- and dust-rich circumstellar disks around migration of planets (e.g., W. Benz et al. 2014; S. Krijt et al.
. - 2023; J. Drazkowska et al. 2023).
young stars (e.g., see reviews by J. P. Williams & o
L. A. Cieza 2011; S. M. Andrews 2020; K. I Oberg et al. Over the past decade, the Atacama Large Millimeter/
2023). Most of these disks last for up to 3—10 Myr before the gas subm'llhmeter Array (ALMA) has revolgtlomzed out under-
and dust dissipate, which sets the timescale of giant planet standing of dust in protoplanetary disks, revealing the

. . prevalence of dust rings/gaps that are intimately linked to
formation (e.g., D. Fedele et al. 2010; A. Ribas et al. 2014). The planet formation (e.g., S. M. Andrews et al. 2016; K. Zhang

et al. 2016; F. Long et al. 2018; S. M. Andrews 2020;
L. A. Cieza et al. 2021), as well as demonstrating that dust
disk mass decreases with time by providing statistics of

structure and evolution of these disks profoundly affect every step
of planet formation: from the initial grain growth, the formation
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Despite the huge progress on the solid component, we still
lack a basic understanding of how the dominant mass
constituent of disks, the gas, evolves with time, and what
mechanism drives its global evolution (e.g., E. A. Bergin &
J. P. Williams 2017). The lack of understanding of the global
evolution of gas disks has become a primary bottleneck in the
field of planet formation (A. Morbidelli & S. N. Raymond
2016; C. Mordasini & R. Burn 2024).

The disk mass and size are the primary determinants of
when, where, how many, and what type of planets form for a
given protoplanetary disk (W. Benz et al. 2014; J. Drazkowska
et al. 2023; C. Mordasini & R. Burn 2024). All quantitative
models of planet formation require an essential input of how
the disk gas surface density evolves with time.

Disk mass is often considered to be the most fundamental
property of disks. On the macroscale of planet formation, the
available gas reservoir determines whether a planet ends up as
a gas giant, icy giant, or mini-Neptune (e.g., J. B. Pollack et al.
1996; W. Benz et al. 2014; S. Savvidou & B. Bitsch 2023).
The migration direction and speed of planets also depend on
the gas mass distribution. On the microscale, the gas density
and the gas-to-dust mass ratio regulate the dynamical
behaviors of dust grains and larger solid bodies in the disk
(e.g., T. Birnstiel 2024). The speed of dust growth, settling,
and drifting all depend on gas density. For example, a locally
low gas-to-dust ratio is needed for the formation of kilometer-
size planetesimals through the streaming instability in disks
(e.g., A. Johansen et al. 2014; S. M. Stammler et al. 2019).

The disk size also establishes the basic architecture of a
planetary system. For instance, a very compact disk smaller
than 10 au will not be able to form Uranus/Neptune analogs,
even if the disk contains enough mass to form such planets.
The evolution of the gas disk’s size provides important
constraints to the driving mechanism of the global disk
evolution (e.g., J. R. Najita & E. A. Bergin 2018; L. Trapman
et al. 2020b, 2021a; C. Toci et al. 2021). In addition to the
global disk evolution, the dust disk’s size is also driven by dust
growth and drift in disks. Comparing the difference in gas and
dust disk sizes has been suggested as an important test of dust
evolution models (e.g., G. P. Rosotti et al. 2019; L. Trapman
et al. 2020a; F. Long et al. 2022).

The global disk evolution is primarily determined by how
angular momentum is transported. Two leading mechanisms
proposed are turbulent viscosity and magnetohydrodynamical
(MHD) disk winds (e.g., J. E. Pringle 1981; R. D. Blandford &
D. G. Payne 1982; G. Lesur et al. 2023; 1. Pascucci et al.
2023a, 2025). In addition, photoevaporation by UV /X-rays
from the central star or surrounding environments may
contribute to the dissipation of disks (e.g., A. J. Winter &
T. J. Haworth 2022; 1. Pascucci et al. 2023a).

The general picture is, in a viscous disk, angular momentum
is redistributed, most of the materials spiral inward, while a
smaller fraction moves outward, causing the disk to expand
over time. This expansion depends on the viscosity strength
(parameter o, N. I. Shakura & R. A. Sunyaev 1973). Viscous
turbulence, traditionally thought to be driven by magnetorota-
tional instability, can be suppressed under certain conditions,
making « values in disks unclear (e.g., N. J. Turner et al. 2014;
T. N. Delage et al. 2022, 2023).

Conversely, wind-driven disks lose angular momentum as
gas escapes along magnetic field lines, leading to disk
shrinkage and faster mass loss compared to viscous disks
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(e.g., R. D. Blandford & D. G. Payne 1982; X.-N. Bai &
J. M. Stone 2013; O. Gressel et al. 2015; W. Béthune et al.
2017; K. Kadam et al. 2025). The efficiency of this process
depends on the disk’s magnetic field, which remains largely
unknown (e.g., R. E. Harrison et al. 2021).

There are two approaches to testing disk evolution
mechanisms: (1) searching for observational signals predicted
by the mechanisms, such as MHD disk winds or turbulence
levels, and (2) examining how average disk properties (e.g.,
disk fraction, accretion rate, as well as gas and dust disk
masses and sizes) change over time in a population. For the
first approach, most of the previous turbulence measurements
yielded only upper limits, indicating subthreshold levels for
driving accretion (e.g., K. M. Flaherty et al. 2015; R. Teague
et al. 2018; K. Flaherty et al. 2020; G. P. Rosotti 2023). Few
disk-wind observations had sufficient resolution and sensitivity
to convincingly attribute winds to radially extended MHD
winds (e.g., F. Louvet et al. 2018; A. de Valon et al. 2020;
B. Tabone et al. 2020; I. Pascucci et al. 2023a). On the other
hand, population data show changes in median disk fraction,
accretion rate, and dust mass over ages (C. F. Manara et al.
2023). However, none of these directly constrain the gas
masses and sizes of protoplanetary disks in a population.

The ALMA Survey of Gas Evolution in Protoplanetary disks
(AGE-PRO) is an ALMA Cycle 8 Large Program (2021.1.00128.
L, PI Zhang) that aims to systematically trace the evolution of gas
disk mass and size throughout the lifetime of protoplanetary
disks, which traces the evolution of the bulk disk mass more
closely than dust. The two primary goals of AGE-PRO are to: (1)
provide a legacy library of high-quality line observations that
enable robust measurements of gas masses and sizes of 30
protoplanetary disks across the typical disk lifetime (0.5-6 Myr),
and (2) constrain global disk evolution mechanisms by compar-
ing model predictions with mass and size measurements of disks
at different ages. The results provide a baseline test for the
viscous and MHD disk-wind models of protoplanetary disks,
serving as an essential context for future in-depth studies of
planet formation processes in disks.

This paper aims to present the design of the AGE-PRO
program, introduce papers on the first results of AGE-PRO, and
provide the essential context of how to interpret the results for
the gas and dust evolution in protoplanetary disks. Section 2
describes the disk sample and the lines targeted to measure gas
disk masses and sizes. In Section 3, we describe the ALMA
observations, self-calibration, and the imaging processes.
Section 4 briefly discusses how the gas masses and sizes were
measured from the observations, and Section 5 describes the
image data and ancillary products available for the community.
Section 6 provides an overview of the AGE-PRO results and
introduces the highlights of individual papers of the first batch
of AGE-PRO results. Section 7 discusses potential limitations of
the AGE-PRO survey and how the results have changed our
view of gas and dust evolution in protoplanetary disks. Finally,
Section 8 summarizes the key remarks from the AGE-PRO
program and discusses possible future directions to confirm
trends from the initial AGE-PRO results.

2. Design of the AGE-PRO Program
2.1. Sample Selection

The AGE-PRO program was designed to measure gas disk
masses and sizes at three evolutionary phases: the embedded



Table 1
AGE-PRO Sample: Host Star Properties
Index Source Name R.A. Decl. Dist Class SpT Teotr L, A, M, log M, References
(hms) (d ms) (pe) (X) (Le) M) M, yr ')

eY) 2 3) 4) %) (6) )] 3) ) (10) (1) (12) (13)
Oph 1 SSTc2dJ162623.6—242439 16:26:23.571 —24:24:40.102 FS K7 3970 16.1 0.6 1,2,3)
Oph 2 SSTc2dJ162703.6—242005 16:27:03.580 —24:20:06.018 FS M1.5 3560 10.1 0.4 1,2,3)
Oph 3 SSTc2dJ162719.2—242844 16:27:19.196 —24:28:44.499 FS K7 3970 31.5 0.6 {1,2,3)
Oph 4 SSTc2dJ162728.4—242721 16:27:28.436 —24:27:21.790 FS K6.5 3995 24.5 0.6 1,2,3)
Oph 5 SSTc2dJ162737.2—244237 16:27:37.235 —24:42:38.543 1 K9 3880 40.0 0.5 {1,2,3)
Oph 6 SSTc2dJ162738.9—244020 16:27:38.931 —24:40:21.168 I M2.5 3425 12.1 0.3 1,2,3)
Oph 7 SSTc2dJ163135.6—240129 16:31:35.647 —24:01:30.048 1 K6 4020 23.3 0.7 {1,2,3)
Oph 8 SSTc2d J162305.4—230257 16:23:05.416 —23:02:57.553 1 MO.5 3700 1.3 0.4 1,2,3)
Oph 9 SSTc2dJ162627.5—244153 16:26:27.538 —24:41:53.527 FS M2.5 3425 5.0 0.3 1,2,3)
Oph 10 SSTc2dJ162718.4—243915 16:27:18.371 —24:39:15.325 1 Ml 3630 44.0 0.4 1,2,3)
Lupus 1 Sz65 15:39:27.753 —34:46:17.577 153.0 1T K7 4060 0.87 0.6 0.68 -9.5 4,5,6)
Lupus 2 Sz71 15:46:44.709 —34:30:36.054 154.1 I M1.5 3632 0.33 0.5 0.42 -9.0 4,5, 6)
Lupus 3 J16124373—-3815031 16:12:43.736 —38:15:03.471 158.7 1T Ml 3705 0.39 0.8 0.48 -9.1 4, 5,6)
Lupus 4 Sz72 15:47:50.608 —35:28:35.779 155.5 I M2 3560 0.27 0.8 0.39 —8.6 4,5, 6)
Lupus 5 Sz77 15:51:46.941 —35:56:44.531 154.8 I K7 4060 0.59 0.0 0.73 -8.7 4, 5,6)
Lupus 6 J16085324—3914401 16:08:53.227 —39:14:40.553 161.5 I M3 3415 0.20 1.9 0.31 —10.0 4,5, 6)
Lupus 7 Sz131 16:00:49.414 —41:30:04.263 159.1 I M3 3415 0.15 1.3 0.31 -9.2 4,5,6)
Lupus 8 Sz66 15:39:28.264 —34:46:18.450 154.4 I M3 3415 0.22 1.0 0.30 -85 4, 5,6)
Lupus 9 Sz95 16:07:52.293 —38:58:06.446 159.2 1T M3 3415 0.27 0.8 0.30 -94 4,5,6)
Lupus 10 V1094 Sco 16:08:36.160 —39:23:02.879 154.8 I K6 4205 1.21 1.7 0.82 -7.9 4,5, 6)
Upp Sco 1 J16120668—3010270 16:12:06.664 —30:10:27.617 131.9 1T MO.5 3700 0.25 0.1 0.51 -94 (7-12)
Upp Sco 2 J16054540—2023088 16:05:45.379 —20:23:09.330 137.6 I M4.5 3020 0.07 0.3 0.13 -94 (7-12)
Upp Sco 3 J16020757—2257467 16:02:07.556 —22:57:47.424 139.6 I M2 3490 0.15 0.5 0.37 —11.0 (7-12)
Upp Sco 4 J16111742—1918285 16:11:17.406 —19:18:29.231 136.9 I MO0.25 3735 0.35 0.9 0.50 (7-12)
Upp Sco 5 J16145026—2332397 16:14:50.249 —23:32:40.238 144.0 I M3 3360 0.11 14 0.29 (7-12)
Upp Sco 6 J16163345—2521505 16:16:33.429 —25:21:51.163 158.4 I MO.5 3700 0.18 1.1 0.52 -10.9 (7-12)
Upp Sco 7 J16202863—2442087 16:20:28.622 —24:42:09.174 152.7 1T M2 3490 0.23 1.7 0.34 (7-12)
Upp Sco 8 J16221532—-2511349 16:22:15.324 —25:11:35.672 139.0 I M3 3360 0.14 1.9 0.29 (7-12)
Upp Sco 9 J16082324—1930009 16:08:23.247 —19:30:00.980 137.0 1T MO 3880 0.24 0.9 0.56 -9.1 (7-12)
Upp Sco 10 J16090075—1908526 16:09:00.739 —19:08:53.284 136.9 I MO 3630 0.35 1.2 0.53 —8.8 (7-12)

Note. Columns (1) AGE-PRO index, (2) Source name, (3) R.A., (4) decl., (5) Distance, Col. (6) Disk class, (7) Spectral type, (8) Stellar effective temperature, (9) Stellar luminosity, (10) V band extinction magnitude,
(11) Stellar mass, (12) Mass accretion rate, and (13) References.
References. All distances are adopted from C. A. L. Bailer-Jones et al. (2021). In Column (13), the references for Class, Spectral type, {Tes, L}, A,, and accretion rates: (1) = N. J. I. Evans et al. (2009),
(2) =L. A. Cieza et al. (2019), (3) = D. A. Ruiz-Rodriguez et al. (2025), (4) = J. M. Alcald et al. (2014), (5) = J. M. Alcald et al. (2017), (6) = D. Deng et al. (2025), (7) = K. L. Luhman (2022), (8) = C. F. Manara

et al. (2020), (9) = J. M. Carpenter et al. (2025), (10) = C. F. Manara et al. (2023), (11) = M. Fang et al. (2023), (12) = C. Agurto-Gangas et al. (2025).
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Figure 1. Top: HRD of the AGE-PRO sample. The pre-main-sequence evolutionary tracks and isochrones are from G. A. Feiden (2016), I. Baraffe et al. (2015).
Ophiuchus sources do not have well-constrained stellar luminosity due to high extinction. We instead plot their luminosity ranges based on statistical ages of Class I
and Flat spectrum sources (0.5-1 Myr) (N. J. I. Evans et al. 2009). Bottom: 1.3 mm continuum luminosity (L) distributions (using AGE-PRO continuum fluxes
and normalized to 140 pc) of the selected sample in each region. The sample covers the entire L, range of M3-K6 sources in each star-forming region (see detailed
comparisons in C. Agurto-Gangas et al. 2025; D. Deng et al. 2025; D. A. Ruiz-Rodriguez et al. 2025).

disk phase, the middle age, and the end of the gas-rich phase.
The first phase sets the conditions of early planet formation,
since observations have suggested that giant planet formation
may be already underway within the first 1 Myr of disk
formation (e.g., ALMA Partnership et al. 2015; D. Harsono
et al. 2018; L. A. Cieza et al. 2021; N. Ohashi et al. 2023). The
middle and end phases are crucial to test evolutionary
mechanisms because different mechanisms predict disk
properties diverging at these phases (e.g., L. Trapman et al.
2020b; B. Tabone et al. 2022). The disk sample was selected
from three nearby star-forming regions of different ages:
Ophiuchus (embedded disks), Lupus (middle age), and Upper
Sco (the end of gas disk lifetime). All three regions have been
characterized by ALMA shallow surveys (M. Ansdell et al.
2016; S. A. Barenfeld et al. 2016; L. A. Cieza et al. 2019;
J. M. Carpenter et al. 2025). In addition, all three regions are
nearby (140-160 pc), providing high sensitivity and spatial
resolution.

The AGE-PRO sample was selected with four main criteria.
First, sources with known stellar spectral type between M3-K6,%
roughly corresponding to a stellar mass (M,) of 0.3-0.8 M.
The majority of stellar spectral types were adopted from
literature and the rest from D. A. Ruiz-Rodriguez (2025). The

20 Upper Sco 2 was classified as M2 in T. Preibisch et al. (2001), which we
adopted in the AGE-PRO sample selection stage. But more recently
C. F. Manara et al. (2020) reclassified the source as M4.5 with X-shooter
spectra.

literature stellar luminosities were updated with Gaia DR3
distances (see the list of references in Table 1). The focus on a
narrow space of stellar mass is because disk properties are
expected to depend on stellar mass (e.g., dust disk masses are
known to be correlated with M,; 1. Pascucci et al. 2016;
S. M. Andrews et al. 2018b). The stellar properties of the
AGE-PRO sample are listed in Table 1. Second, sources
without known companions or that are in wide-separation
binaries (>600 au), since close binaries may evolve differently
due to tidal interactions (e.g., N. Cuello et al. 2023). Third, for
the Ophiuchus region, Class I/Flat spectrum sources were
chosen to ensure the subsample is <1 Myr old (N. J. I. Evans
et al. 2009); while for Lupus and Upper Sco regions, Class II
sources were selected to exclude debris disks. Finally, sources
were selected from previous detections of millimeter con-
tinnum and CO line emission. These four criteria led to
10-34 viable candidates for each region. To ensure that our
disks are representative of the selected M, range, 10 disks
were selected from each region that covers the spread of
continuum luminosities in the region (M. Ansdell et al. 2016;
S. A. Barenfeld et al. 2016; L. A. Cieza et al. 2019;
J. M. Carpenter et al. 2025). We excluded known edge-on
disks (>70 deg) because they have smaller emitting areas, and
thus have fainter line emission. Figure 1 shows the stellar
properties of the AGE-PRO sample in the Hertzsprung—Russell
diagram (HRD) and their continuum luminosity distributions.
To evaluate the representativeness of the AGE-PRO sample
in each star-forming region, D. Deng et al. (2025) and
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C. Agurto-Gangas et al. (2025) compare the distributions of
mass accretion rates and millimeter fluxes of the AGE-PRO
sample with the full M3-K6 Class II disk populations in the
Lupus and Upper Sco regions. Two-sample Kolmogorov—
Smirnov (K-S) tests showed that the AGE-PRO samples are
indistinguishable from the populations of Class II disks around
~M3-K6 sources in these two star-forming regions. For the
Ophiuchus region, the spectral types are not well constrained
for the population of embedded sources due to their high
extinctions.

One potential concern is the selection of sources with
existing CO detections. Previous shallow ALMA surveys
found the CO detection rate of Class II disks around M3-K6
stars of 79% (19/24) for the Lupus region and 88% (30/34)
for the Upper Sco region”' (M. Ansdell et al. 2016, 2018;
S. A. Barenfeld et al. 2016; J. M. Carpenter et al. 2025). It
might seem surprising that the CO detection rate in the
younger Lupus region was slightly lower, but the Lupus survey
was less sensitive than the Upper Sco surveys, and the Lupus
detections were from '2CO (2-1) or '*CO (3-2), which are
expected to be fainter than the '>CO (3-2) line used in Upper
Sco surveys. Therefore, the differences in detection rates
should not be considered as intrinsic differences among the
two regions. Given the high detection rates of CO in both
regions, we consider the AGE-PRO sample a reasonably
representative sample of millimeter-continuum flux and
accretion rates of the M3-K6 Class II disks that survived at
the Lupus and Upper Sco ages. It remains to be investigated if
this is true for the Ophiuchus sources.

AGE-PRO selected the approach of using three star-forming
regions to sample different ages, under the assumption that
these regions have similar initial conditions and evolutionary
paths. Please see more discussion on the validation of these
assumptions in Section 7.1. Another option would be to
measure gas properties of disks at different evolutionary stages
within the same star-forming region. However, this approach is
less practical due to the small number of available disks in
each age bin, particularly for a given stellar mass range, and
the large uncertainty of individual ages. Nearby star-forming
regions typically have ~100-200 Class 0/I/II disks in each
region, most of which (60%—70%) are around stars later than
M3 (e.g., M. Ansdell et al. 2016; S. A. Barenfeld et al. 2016;
I. Pascucci et al. 2016). The disks around later spectral types
are much fainter, making it difficult to study their gas
emission. For the M3-K6 type AGE-PRO targeted, there are
typically only ~20-30 disks in each region. Furthermore,
although embedded sources are relatively easy to distinguish
from Class II disks, the individual ages of single Class II
sources are highly uncertain and model-dependent. AGE-
PRO’s approach uses different regions as a more robust
separation of ages.

2.2. Ages of the AGE-PRO Sample

Since the primary goal of the AGE-PRO program is to study
the evolution of gas disks, constraining the ages of the sample
is crucial. However, estimating the absolute ages of very

2! The evolutionary stages of Upper Sco sources are typically characterized in
the classification scheme of full, transitional, evolved, evolved transitional,
and debris disks rather than the Class I/II/IIl scheme (e.g.,
K. L. Luhman 2022). We considered full or transitional disk types as Class
II disks. If all disk types except for debris disks are considered as Class II, the
CO detection rate in the Upper Sco disks around M3-K6 stars is 80% (31/39).
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young stars (<10Myr, all pre-main-sequence; PMS) is
challenging due to the scarcity of direct age indicators and
limited knowledge of star formation processes (see review by
D. R. Soderblom et al. 2014). Typically, the ages of young
PMS stars are estimated by comparing observations with
theoretical evolutionary tracks in either HRDs or color—
magnitude diagrams (CMDs). If the stellar parameters and
extinctions of individual stars are sufficiently constrained, ages
can be determined fitting evolutionary tracks to each star,
though these individual ages are often considered less reliable.
Median ages are then adopted for the ages of clusters or star-
forming regions. Another technique, often used when the
extinctions and spectral types of individual stars are uncertain,
is to derive a single age for an entire cluster by fitting all stars
with one theoretical isochrone, assuming all clustered stars to
be coeval.

Although the absolute ages derived from these methods are
highly model-dependent, relative ages can be more reliably
established for low-mass stars (<1 M). More luminous stars
of the same effective temperature are generally younger than
less luminous ones, allowing for comparisons of relative ages
between different star-forming regions or clusters. The AGE-
PRO program carefully selected samples from three star-
forming regions with known offsets on the HRDs of their PMS
stars. This selection was driven by the need to compare regions
with different evolutionary stages.

Ophiuchus is typically considered one of the youngest star-
forming regions because it has a larger fraction of Class I/FS
sources than other nearby star-forming regions, such as
Taurus, Lupus, and Chamaeleon (N. J. I. Evans et al. 2009).
The Lupus region is generally considered 1-3 Myr old
(F. Comerén 2008; J. M. Alcala et al. 2014; P. A. B. Galli
et al. 2020). The Upper Sco star-forming region has an
estimated age of 5-10Myr (E. J. de Geus et al. 1989;
T. Preibisch et al. 2002; M. J. Pecaut et al. 2012; K. Sullivan &
A. L. Kraus 2021). Recent studies with Gaia have further
divided the Upper Sco region into several clusters based on
peaks and dips in five-dimensional phase space (spatial and
velocity). The isochronal ages of Upper Sco clusters were
estimated between ~4 and 14 Myr (S. Ratzenbock et al.
2023a, 2023b). These age estimations were based on
isochronal fit to hundreds of PMS stars in each cluster, the
majority of which are disk-less.

Given the age uncertainties, we have taken the following
approach for the AGE-PRO sample. Due to the high
extinctions toward the Ophiuchus region, the stellar luminos-
ities are highly uncertain. For our Ophiuchus disk sample
(Class I/FS sources), we adopted an age of 0.5-1 Myr, based
on the statistical ages of different classes from the Spitzer C2D
program (N. J. I. Evans et al. 2009). The stellar masses of the
Ophiuchus sample were derived by comparing the stellar
spectral types with evolutionary tracks, assuming an age
between 0.5 and 1 Myr. We also compared the bolometric
temperature (Ty,) of our sample with that of the whole
embedded disk population in the Ophiuchus region
(N. J. I. Evans et al. 2009). Our sample has T, between
300 and 700K, which is on the larger half of the Ty
distribution of the embedded Ophiuchus sources, supporting
that our sample is among the relatively older parts of the
embedded disks of Ophiuchus.

To ensure a consistent comparison of relative ages between
the Lupus and Upper Sco samples, we collected effective
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temperatures and stellar luminosities from the literature
(Table 1), and estimated their ages and stellar masses by
comparing them to evolutionary tracks. We use the Python
package ysoisochrone® (D. Deng et al. 2025) to estimate
stellar masses and ages from stellar evolutionary tracks. The
ysoisochrone package uses tracks of G. A. Feiden (2016)
for sources with T.¢> 3900 K and that of 1. Baraffe et al.
(2015) for sources with T, < 3900 K, following the approach
of I. Pascucci et al. (2016). We utilized the Bayesian approach
to derive stellar masses and ages and the corresponding
uncertainties (see details and individual ages in C. Agurto-G-
angas et al. 2025; D. Deng et al. 2025).

In Appendix Figure 10, we show the estimated ages of
individual sources. The ages of our Lupus sample are between
1 and 3 Myr with a median of 2 Myr, consistent with the
typical 1-3 Myr estimations for the Lupus region. For Upper
Sco, our sample shows two groups: five sources between 2 and
3 Myr with a median of 2.34 Myr, comparable to the Lupus
sample (2 Myr); another five Upper Sco sources appear to be
consistently older, with ages between 4 and 6 Myr and a
median of 4.6 Myr.

Although the absolute ages reported by different methodol-
ogies differ, we note that in the work of S. Ratzenbock et al.
(2023a) based on fitting CMDs of astrometric clusters, the
AGE-PRO Upp Sco sample is also divided into two age
groups, the ages of three sources overlaps with the Lupus 1-4
cluster age, and seven sources are 2-3 Myr older (see
Appendix Figure 11). Hence, while every age determination
method is uncertain, two independent methodologies for age
derivation agree that three to five sources of the AGE-PRO
Upp Sco sample have ages comparable to the AGE-PRO
Lupus sample, with the other five to seven Upp Sco sources
being older.

In short, for the discussion of the AGE-PRO results, we
adopt the following age ranges: Ophiuchus disk sample
(0.5-1 Myr), Lupus disk sample (1-3 Myr), and Upper Sco
disk sample (2-6 Myr).

2.3. Stellar Masses of the AGE-PRO Sample

In Figure 2 we compare the distribution of stellar masses
across the three star-forming regions. The stellar masses are
derived from the comparison with evolutionary tracks as
described above. The bolometric temperature of our Ophiu-
chus sample indicates these are more evolved embedded disks,
and therefore their current stellar masses should be close to
their final masses. The median stellar masses of the three
regions are 0.45, 0.40, and 0.43 M, for the Ophiuchus, Lupus,
and Upper Sco regions, respectively. The uncertainties of
stellar masses from our estimations are typically 0.1-0.2 M,
based on the uncertainties of the stellar effective temperature
and luminosity (see details in C. Agurto-Gangas et al. 2025;
D. Deng et al. 2025). However, these uncertainties do not
include uncertainties of evolutionary tracks which are known
to be model-dependent (D. R. Soderblom et al. 2014).
Comparisons between stellar masses derived by evolutionary
tracks with dynamical masses measured in binary systems
suggest typical 30%-80% uncertainties (M. Simon et al.
2019). Given these uncertainties on stellar masses, we consider
the stellar masses in our sample are similar across the three
regions, and therefore suitable for comparison.

22 hips: //github.com/DingshanDeng /ysoisochrone
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Figure 2. Stellar mass distributions in the AGE-PRO samples of the
Ophiuchus, Lupus, and Upper Sco star-forming regions. The squares show
the median stellar mass in each region, suggesting similar median stellar
masses.

2.4. Line Targets
2.4.1. Lines to Measure Gas Disk Masses

The gas masses of protoplanetary disks have been challen-
ging to measure (E. A. Bergin & J. P. Williams 2017;
A. Miotello et al. 2023). The dominant gas constituent in disks
is Hj, but its emission is undetectable in most regions of a disk
due to its lack of a permanent dipole moment and low disk
temperature. The best proxy of H, mass is HD, which has only
been detected in three protoplanetary disks by Herschel
(E. A. Bergin et al. 2013; M. K. McClure et al. 2016; M. Kama
et al. 2020) and is not observable with current facilities.
Millimeter-continuum fluxes have been the most widely used
tracer to constrain disk masses. However, the conversion from
continuum fluxes to gas disk masses suffers from high
uncertainties of dust opacity and gas-to-dust mass ratios. For
gas line tracers, CO is the most widely detected molecule in
disks and is considered the most robust molecule to trace gas
distribution because of its low condensation temperature and
stable chemistry (e.g., T. Molyarova et al. 2017).

But the conversion from CO gas mass to the total gas disk
mass suffers from the high uncertainty of the CO-to-H, ratio
(xco) (C. Favre et al. 2013; K. R. Schwarz et al. 2016;
E. A. Bergin & J. P. Williams 2017; A. Miotello et al. 2023).
The uncertainty of xco likely increases over time due to
chemical processes converting CO into more complex carbon
carriers and dust growth carries CO ice from the disk’s
atmosphere to the midplane (e.g, K. R. Schwarz et al. 2016;
A. D. Bosman et al. 2018; S. Krijt et al. 2018, 2020). This
expectation has been seen in some recent observations.
K. Zhang et al. (2020) and J. B. Bergner et al. (2020)
compared CO isotopologue line fluxes with those predicted by
thermochemical models and found that C/H and O/H
elemental ratios of Class I/FS disks are consistent with the
interstellar medium (ISM) ratio (~10~%). In contrast, they
found that the C/H and O/H abundance of Class II disks needs
to be reduced to 0.1-0.01 x ISM level. This is consistent with
the timescales of the chemical processing of CO and the
growth from ISM-sized dust particles to pebbles being ~1 Myr
(e.g., A. D. Bosman et al. 2018; K. R. Schwarz et al. 2018;
S. Krijt et al. 2020). However, other works that include
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Table 2 Table 3
AGE-PRO Correlator Set-ups Archival Alma Data Sets Used by AGE-PRO
Set-up Center Freq. Line Targets Vel. Res.  Bandwidth Source Lines Program PI References
—1
(GHz) (km 5 (MHz) Oph 7 12c0, BCO,  2019.A.00034.S  Tobin )
Oph/Lupus- 217238530  DCN J =3-2 0.097 58.59 c'®o
B6-CO Lupus 1 2co, co, 2017.1.00569.S Yen )
218222192 H,CO 30325 0.097 58.59 c'®*o
219.560358 c®oJ=12-1 0.193 58.59 Lupus 1, 6 N,H* 2019.1.01135.S  Anderson A3
220.398684  *COJ=2-1 0.192 58.59 Upp Sco N,H" 2015.1.01199.S  Anderson “)
220.679320 CH;CN 0.192 58.59 9, 10
124-11,
220.742990 CH;CN 0.192 58.59 References. (1) C. Flores et al. (2023), (2) J. M. Miley et al. (2024), (3)
124-114 D. E. Anderson et al. (2022), (4) D. E. Anderson et al. (2019).
230.538000 COJ=2-1 0.092 58.59
231.321828 N,D" J=3-2 0.091 58.59
234.000000 Continuum 1.446 1875 fluxes, and found consistent mass results between the two
band approaches. One complication is that N,H" is an ion, so its
Upp Sco- 218.000000  Continuum 1 1552 1875 abupdance also depends' on tth 19n1;at10n rate of the'dlslf,
B6-CO particularly on the cosmic-ray ionization rate ((cr), wWhich is
219560358 C'80 J=2-1 0.096 58.59 also highly uncertain (L. I. Cleeves et al. 2013, 2015;
220398684  *CO J=12-1 0.096 58.59 Y. Aikawa et al. 2021). However, L. Trapman et al. (2022)
230.538000 C0+J =2-1 0.092 58.59 found that the constrained gas masses only changed by a factor
53411(3)(2)(1)(8)(2)3 NCZD J= 3_22 ?gzé 51887559 of 2-3 when (cr changes two orders of magnitude (see also
: ontinuum : J. A. Sturm et al. 2023).
Oph-B6-C170  220.500000 Continuum 1.535 1875 Given these observations and theoretical expectations, the
band AGE-PRO program adopted different approaches to measure
223.883569 80, 645755 0.096 58.59 gas masses for sources younger and older than 1Myr. For
224.714373 C'0J=2-1 0.094 58.59 . 17
Ophiuchus sources (<1 Myr), we used C 'O (2-1) and assume
234.683390 CH;0H 0.180 58.59 _4 .
415, ISM level xco of 10" to measure gas disk masses. Based on
235151720 SO, 42r-315 0.180 58.59 the dust masses and an ISM lelgel of CO. abuqdance, rgdiative
236.452293 SO 1,-2, 0.179 58.59 transfer models predict that C °O (2-1) is optically thick, and
237.983380 13CH;0H 0.089 58.50 therefore the more rare C'’O line (typical C'*0/C'’0
Siah3 abundance ratio of 3.6, T. L. Wilson 1999) is used for mass
239.137925 1C3H3%\I 0.088 58.59 measurements (A. Miotello et al. 2016). For Class II disks, xco
o0 needs to be constrained for accurate gas measurements, and
Lupus,/Upp 279.511760  N,H" J=3-2 0.076 1172 therefore >°CO, C'®0 (2-1), and N,H™ (3-2) lines were used
Sco- to constrain xco and the gas disk masses.
B7-N2Hp
278.200000 Continuum 1 1.217 1875
288.143858 DCO™ 0.147 58.59 , , .
289.209066 S J— 6.5 0.146 5850 2.4.2. Lines to Measure Gas Disk Sizes
289.644907  DCN J =4-3 0.146 58.59 There is no consensus on the definition of disk sizes because
290.850000 Continuum 2 1.164 1875

conversion of CO into CO, ice do not require significant
reductions in the C/H and O/H elemental abundances with
respect to ISM values (M. Ruaud et al. 2022; D. Deng et al.
2023; 1. Pascucci et al. 2023b; M. Ruaud & U. Gorti 2024).

Fortunately, recent studies have provided a pathway forward
to constrain xco, and subsequently the gas disk mass. NoH™"
line flux is sensitive to changes of xco because NoH™ is hard to
form when gas-phase CO is around because CO gas competes
with N, for available HJ that is needed for NoH" formation.
Furthermore, even if some N,H" forms, it is rapidly destroyed
by proton transfer to gas-phase CO. Therefore, the line flux
ratios of CO isotopologue and N,H" provide constraints of
Xco, and thus largely improve the precision of gas mass
estimates (D. E. Anderson et al. 2019, 2022; L. Trapman et al.
2022; J. A. Sturm et al. 2023).

L. Trapman et al. (2022) did a benchmark test by comparing
gas masses constrained by the C'®0 and N,H" fluxes in the
three disks with independent gas masses from HD (1-0) line

in most of the theoretical models of disk surface density it does
not promptly drop to zero. Therefore, empirical measurements
of disk sizes often adopt a radius within which the cumulative
flux accounts for for a fixed fraction (typically 68% or 90%) of
the total flux (e.g., A. Tripathi et al. 2017; M. Ansdell et al.
2018; E. Sanchis et al. 2021; F. Long et al. 2022).

For Class II sources, AGE-PRO measured the gas radius as
the radius enclosing 90% of the total integrated 'CO (2-1)
emission. This radius is not affected by the uncertainty of xco
because '“CO is highly optically thick (L. Trapman et al.
2020b). For Class I/FS sources, the disk outer edge is often
contaminated by the surrounding envelope or cloud emission,
and therefore the empirical flux fraction based on size is no
longer a good measure (e.g., C. Flores et al. 2023). Our
approach is to use cloud-free channels to measure the
transition radius from Keplerian disk (v o< r 93 ) to a rotational
motion with conserved angular momenta in the infalling
materials (v < ) (e.g., N. Ohashi et al. 2014; Y. Aso et al.
2017). The results will be published in C. Agurto-Gangas
et al. (2025).
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Figure 3. 1.3 mm (left panels) and 12C0O (2-1) moment zero images (right panels) of the AGE-PRO sample. The orders are from the brightest 1.3 mm continuum
source to the faintest one within each star-forming region. Images are 2" x 2" and colors are peak normalized and shown with a linear color stretch. The exception is
Lupus 10 (V1094 Sco), which is shown in a 5” x 5” image and its continuum image is shown with an asinh stretch to accentuate fainter details. The difference in
image size between Lupus 10 and the other sources is visualized in cyan in its continuum image. The beam sizes are shown in a circle on the lower-left of each panel

and a 50 au size bar is shown in the upper right corner of each panel.

3. Observations

The ALMA observations of the AGE-PRO program were
conducted with the 12 m array from 2021 December to 2022
August, with baseline lengths between 15 and 2917 m.
Observational logs of each execution, including observa-
tional dates, array configurations, baseline length range,
number of antennas, phase and flux calibrators, are shown in
D. A. Ruiz-Rodriguez et al. (2025), D. Deng et al. (2025), and
C. Agurto-Gangas et al. (2025), for sources in Ophiuchus,
Lupus, and Upper Sco, respectively.

These observations were carried out at ALMA bands 6 and
7 (G. A. Ediss et al. 2004; S. Mahieu et al. 2012). Table 2 lists
the correlator set-ups used for the AGE-PRO program. For
Ophiuchus sources, two Band 6 setups were used: one for
'2C0/"*C0O/C"™0 J=12-1 lines, and the other one for C'’O
J=2-1 line. The average on-source time for Ophiuchus
targets was ~30 minutes for the '*CO setup and ~60 minutes
for the C'’O setup. For Lupus and Upper Sco sources, one
Band 6 setup covered the CO/'*>CO/C'*0/ J = 2-1 lines and
one Band 7 setup for the N;H" J = 3-2 line. The average on-
source times of the Band 6 CO setup was ~30 and 60 minutes
for the Lupus and Upper Sco targets, respectively. The Band 7
N,H" setup had 60 and 120 minutes of on-source time for the
Lupus and Upper Sco targets, respectively. In addition to the
key science lines, these spectral setups also covered various
molecular lines for serendipitous discoveries, including H,CO,
DCN, DCO*, N,D", and CH;CN. One or two continuum

bands with 1875MHz bandwidth were included in all
correlator setups for self-calibration. Because Upper Sco disks
are generally the faintest in continuum emission among the
AGE-PRO sample, we used a slightly different spectral setup
in Band 6 for Upper Sco than for Lupus sources, doubling the
continuum bandwidth to obtain higher sensitivity, which
lowers the spectral resolution for some non-key science lines.

3.1. Pipeline Calibration and Self-calibration

All execution blocks (EBs) were initially calibrated using
the Common Astronomy Software Application (CASA; CASA
Team et al. 2022) pipeline version 6.2. Several archival data
sets were used in the AGE-PRO program (see Table 3). These
archival data were calibrated using the CASA pipeline version
recommended for each data set. We ran the scriptforPI.
py script to restore the calibrated data under the same CASA
version as the calibration pipeline script.

After the standard pipeline calibration, we conducted self-
calibration using CASA version 6.4 to improve the signal-to-
noise ratio (SNR) of the data. Self-calibration of the continuum
visibilities was performed for sources with continuum SNR
larger than 20. Our methodology was based on the self-cal
procedures of the DSHARP and MAPS large programs
(S. M. Andrews et al. 2018a; 1. Czekala et al. 2021), with
modifications tailored to the AGE-PRO program. Unlike the
targets of the DSHARP and MAPS large programs which were
bright in the millimeter continuum, many of our sources only
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Figure 4. Example of the 1.3 mm continuum and moment zero images of key science lines observed in the AGE-PRO program. The full gallery of line images is
shown in D. A. Ruiz-Rodriguez et al. (2025), D. Deng et al. (2025), and C. Agurto-Gangas et al. (2025). The white contours indicate the 3o level.

have intermediate and faint continuum emission (<10 mly at
1.3 mm). The modifications were therefore tailored for self-
calibrations of fainter sources. We describe the detailed
processes below.

For self-calibration, we prepared continuum-only visibility
data by flagging potential line emission in each spectral window
and averaging each spectral window into a smaller number of
channels with a maximum channel width of 125 MHz. All
known line locations were flagged, regardless of detection or
not. The systemic velocities of our sources are between 2.0 and
7.0kms " in the kinematic local standard of rest frame
(LSRK). We flagged line channels with velocities between
~—20 and 20kms~' centered on either the known systemic
velocity of each source/cloud or centered on Okm s .

For astrometric alignment, we imaged EB individually and
measured the continuum peak emission of each image by
fitting a Gaussian shape. We then aligned the different EBs
(with CASA tasks phaseshift and fixplanets) to a
common phase center.

After the astrometric alignment, we checked the relative flux
scaling among EBs. We generated deprojected visibilities for
each EB, using the average inclination and position angle of
each source from the continuum Gaussian fitting described
above. For each source, we plotted the azimuthally averaged
visibility amplitude versus baseline length, and compare the
profiles among all EBs of the source. We found that most EBs
had fluxes consistent within 10%. If flux scales among EBs
differ more than 10%, we rescaled the flux to the EB that was
the closest in time with an amplitude flux calibrator
measurement from the ALMA calibrator monitoring.**

2 https: //almascience.eso.org/alma-data /calibrator-catalog

Following flux scaling, we undertook the self-cal processes.
The Band 7 setups have only compact configuration EBs,
while our Band 6 setups have both compact and extended
configurations. For setups with both configurations, the
compact configuration data were self-scaled first and then
the self-calibrated compact configuration data were concate-
nated with pre-self-cal extend-configuration data. The com-
bined data were then self-calibrated together.

For the self-calibration, we first chose a reference antenna,
based on the ranking of antennas on the data calibration
weblog. We confirmed that the chosen antenna was among the
central antennas of the array configuration with the CASA task
plotants.

The phase solutions were calculated by combining all
spectral windows to improve the SNR, using CASA task
gaincal with keyword combine="'spws’. For solution
intervals longer than the scan length, we also combined scans,
using combine="‘spws, scans’ in the CASA gaincal
task. The first round of gaincal solutions were computed with
solint='inf’ and further iterations use decreasing time
intervals, typically between 300 and 60 s.

We applied the calibration table to the continuum visibilities
in each iteration with the applycal task with applymo-
de=‘calonly’ to ensure no visibilities were flagged if a
solution was not found.

At every iteration, the self-calibrated visibilities were
imaged with the tclean task with multiscale CLEAN and
scales=[0, 5, 15, 45] pixels, where the pixel size was
chosen to correspond to approximately one seventh of the
beam FWHM. We adopted a Briggs robust parameter between
0.5 and 1.0, depending on the source SNR, and we defined an
elliptical mask around the source (and any companion if
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Figure 6. Integrated line fluxes of the Lupus and Upper Sco disks.

required). The aspect ratio and position angle of the clean
mask were selected using the inclination and position angle of
each disk. The resulting peak intensity-to-noise ratios on the
image were used to evaluate whether another iteration is
needed. If the peak intensity increased and the SNR improved
by a factor larger than a few percent, we proceeded with the
next iteration choosing a shorter solution time interval, usually
by a factor of 1.5-2.0 smaller.

As a final step, one amplitude self-calibration was
attempted, usually with a solution interval equal to the scan
length (attained with solint=‘inf’ and combi-
ne="'‘spws’ but not scans). The amplitude self-calibration
solutions were applied only if the criteria outlined above
were met.

The astrometric alignment, flux-scale alignment, and
resulting calibration tables obtained from the self-calibration
process were applied to the original visibilities that have not
had any spectral averaging or line flagging.

After applying the self-calibration, we then used the task
uvcontsub to subtract the continuum with all spectral
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windows together, providing a continuum-subtracted measure-
ment set for each source.

3.2. Imaging Processes

Prior to imaging, we generated measurement sets for each
targeted line, using the split task with timebin="'30s"’.
The choice of a 30 s binning interval balances accuracy of the
data with storage space. The line visibilities from multiple EBs
were then regridded to a constant LSRK velocity grid using the
cvel?2 task, correcting for Doppler shifts throughout the
observation period. We adopted a velocity channel width of
0.1 kms™! for the "*CO (2-1) line and 0.2 kms ™" for all other
lines to ensure detailed spectral resolution while managing
data volume and computation time.

For the imaging process, we utilized the tclean task in
CASA with the multiscale clean option, employing scales of
[0, 4, 12, 24, 48] pixels for Band 6 images and [0, 4] for Band
7 images to effectively capture structures at different sizes.
Band 6 images were produced with a resolution of
1600 x 1600 pixels and a pixel size of 07025, typical for
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Figure 7. The cumulative distributions of continuum and line fluxes of the Lupus and Upper Sco sample. The p-values are from logrank tests for the two cumulative
distributions, including upper limits. The p-values suggest that the continuum distributions of the two regions might be from two different populations and the line
flux distributions between the two regions cannot be statistically distinguished as two populations.

achieving a CLEAN beam of 0735. For Band 7 images, we
used 864 x 864 pixels and a pixel size of 0704 to accom-
modate a larger beam size of 0”7.

To enhance the fidelity of CLEAN component locations,
a binary image plane mask was employed in CLEAN
processes. Given that most Lupus and Upper Sco sources
exhibit line emissions following a Keplerian rotation pattern,
we constructed “cleaning” Keplerian masks for these sources.
All of the parameters for these Keplerian masks, such as
stellar mass, disk inclination angle, and position angle
measured from continuum visibility fitting (see Table 1 and
M. Vioque et al. 2025) can be found in D. Deng et al. (2025)
and C. Agurto-Gangas et al. (2025). Masks were constructed
using the keplerian mask function.”* A conservative
maximum radius (Ry,x) was used for each disk, based on eye
evaluation to encompass the observed extent of 2CO line
emission. To image the '*CO line of Lupus and Upper sources,
we use uvrange = “>50klambda” to remove cloud contam-
ination at scale >4" (except for Lupus 10, which has a large
disk). The choice of 4” is based on the size of '>CO images in
all Class II sources except for Lupus 10.

For the Ophiuchus sources, where line emissions are
often contaminated by the envelope and/or outflows, we
utilized the automask option in tclean, as detailed in
D. A. Ruiz-Rodriguez et al. (2025). No baseline filtering was
used for Ophiuchus sources.

A robust parameter of 0.5 was adopted for 'CO line images
to achieve high spatial resolution, while a value of 1 was used
for all other lines to favor sensitivity. We performed cleaning
down to the 1o noise level for all images, justifying the choice
of a deep clean in the subsequent discussion on the usage of
JvM  correction technique (S. Jorsater & G. A. van
Moorsel 1995). See more discussions in Section 3.3.

For Band 6 line images, we applied tapering to visibilities to
generate a circular beam that is useful to compute radial

24 https://github.com /richteague /keplerian_mask
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intensity profiles. We calculated the tapering profiles needed to
deliver a circularized CLEAN beam, and applied the tapering
profiles to tclean with the uvtaper keyword. For most of
the observations, the resulting beam is within 10% difference
in major and minor axis. imsmooth was used to make the
final image with a circular beam. The Band 7 line images are
mostly unresolved, and therefore we did not circularize
the beam.

3.3. The Choice of Non-JvM Correction

The line fluxes were integrated over a restored image that
contains the clean components convolved with the CLEAN
beam plus the residuals. In this way, the measured flux may
suffer from systematic errors on the flux scale, due to the so-
called Jorsater and van Moorsel (JvM) effect (S. Jorsater &
G. A. van Moorsel 1995; 1. Czekala et al. 2021). This scaling
error is due to the discrepancy of the beam areas between the
CLEAN beam used to restore the CLEAN components and the
dirty beam in the residual map. This scaling error is usually
more significant in data taken with multiple array configura-
tions, where the area of the dirty beam can be substantially
larger than that of the CLEAN beam, leading to an
overestimation of the total flux measured in the final image
(restored components + residual map). To correct for this, the
residual map can be scaled to the unit of Janky per CLEAN
beam using the ratio between areas of the CLEAN and the
dirty beam, the so-called JvM correction. Although JvM
correction normally fixes the flux error, it might introduce
other issues in the final image, such as underestimating the
surface brightness if the CLEAN process is not sufficiently
deep, and potentially overestimating the SNR of the final
image (S. Casassus & M. Carcamo 2022).

To adopt a robust procedure for AGE-PRO data, we
conducted a series of tests to assess the impact of the JvM
correction on the total flux and radial profiles of line images.
We varied the CLEAN threshold between the 1 and 4o noise
level, with and without applying the JvM corrections. We
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found that CLEAN to 1o and without JvM correction gives the
most accurate results for both the total flux and the radial
profiles (see more details and discussions of the comparison in
Appendix C). As a result, we adopted this approach for all
AGE-PRO images.

4. Analysis

Figure 3 shows a gallery of 1.3 mm continuum and '2CO
(2-1) moment zero images of the 30 AGE-PRO sources. In
Figure 4, we show examples of continuum and key science
lines of three disks, one from each star-forming region. Here
we briefly describe our general approach to measure line
fluxes, radii, and the gas and dust disk masses. More in-depth
descriptions of the analysis processes can be found in
individual AGE-PRO papers (C. Agurto-Gangas et al. 2025;
D. Deng et al. 2025; D. A. Ruiz-Rodriguez et al. 2025;
L. Trapman et al. 2025a, 2025b; M. Vioque et al. 2025).

4.1. Handling Cloud Contamination

The majority of the Lupus and Upper Sco sources do not
show cloud contamination in their line emissions, except for
12CO line emission of several sources. Lupus 2, 6, 8, and 10,
and Upper Sco 6 show signs of significant cloud contamination
in their 'CO line images (C. Agurto-Gangas et al. 2025;
D. Deng et al. 2025). In most of these cases, the cloud
contamination is seen as negative flux of '2CO around the
systemic velocity. In several cases, '>CO cloud emission can
also be seen at a wide velocity range in the channel maps.
Thus, to generate integrated line spectra and moment zero
maps of disk emission, we apply a new Keplerian mask to
channel maps using the gofish and bettermoments
package. These Keplerian masks are similar to the “cleaning”
Keplerian masks used in imaging (with the same stellar mass,
disk inclination, and position angle), but these have slightly
smaller Ry,x based on eye inspection of final channel maps.
The Keplerian mask parameters used to generate moment zero
maps are published in AGE-PRO XI (L. Trapman et al.
2025a). Using a Keplerian mask in most cases masks out the
cloud emission because the cloud does not follow Keplerian
rotation. Finally, after applying a Keplerian mask, we also
visually inspected the channel and moment zero maps. In a few
cases where significant emission unrelated to the disk is still
seen, we masked out everything outside a maximum radius
from the disk center. The masked regions are shown in the
appendix of L. Trapman et al. (2025a). In a few cases, the
integrated '*CO line spectra show a blue /red-shifted side
asymmetry, probably due to foreground cloud absorption.
Given that the extinction of the Lupus and Upper Sco are small
(Ay < 2), it is unlikely that both blue and red sides suffer from
severe absorption, and therefore we measure the CO gas radius
from the uncontaminated/less contaminated half. For cases
with blue /red-shifted side asymmetry, the '2CO line fluxes are
estimated from the velocity side with less/no cloud contam-
ination and multiplied by 2 to estimate the total disk flux. More
details are reported in D. Deng et al. (2025) and C. Agurto-
-Gangas et al. (2025).

Most of the molecular line emissions of Ophiuchus sources
are contaminated by envelope and/or cloud emission,
especially in '*CO and '*CO lines. The C'®*0 and C'’O lines
appear to be mostly Keplerian and for the gas mass estimations
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of Ophiuchus sources we obtain these line fluxes after
Keplerian masking.

4.2. Measuring Line Fluxes and Radii

The line fluxes of the Lupus and Upper Sco disks were
measured using a curve-of-growth method, where the
integrated flux is measured using apertures of increasing size,
until the integrated flux no longer increases with aperture sizes
or reaches the first peak (see an example in Figure 5). The
orientation and aspect ratio of the apertures are set to match the
orientation of the disk, making them approximately equivalent
to circular apertures in the disk’s coordinate frame. The
integrated line fluxes of '*CO/"*CO/C'®0 (2-1) and N,H"
(3-2) of the Lupus and Upper Sco disks are shown in Figure 6.

Figure 7 compares the cumulative distributions of the
1.3 mm continuum flux and line fluxes of '*CO/"*CO/C'*0
(2-1) and N,H" (3-2). We also calculated the p-value of the
logrank test for the two samples, including the upper limits of
fluxes. The low p-value (p =0.08) of the 1.3 mm continuum
comparison suggests that the continuum distributions of Lupus
and Upper Sco samples might be from different parent
populations, but still not statistically significant. The p-values
of the comparison tests for the line flux distributions are
significantly higher, suggesting that the line flux distributions
of the Lupus and Upper samples are similar and cannot be
statistically distinguished.

The gas disk sizes in Lupus and Upper Sco were measured
as the radius that encloses 90% of the '*CO flux in the
integrated intensity (moment zero) map. As can be seen in
Figure 3, '*CO emission is only marginally resolved for a large
fraction of the Lupus and Upper Sco disks. As a result, gas
disk sizes measured directly from the integrated intensity maps
will be dominated by the size of the beam of the observations.
To minimize this effect, AGE-PRO XI (L. Trapman et al.
2025a) fitted the '>CO integrated intensity maps with a two-
dimensional Nuker profile that was convolved with the clean
beam of the observations and measures gas disk sizes from the
unconvolved best fit Nuker profiles using the curve-of-growth
method described previously. We adopt the 90% flux CO sizes
based on best-fitting model profile as the AGE-PRO
recommended gas disk sizes (L. Trapman et al. 2025a) and
use these in all following discussions.

For the dust disk sizes, AGE-PRO X (M. Vioque et al.
2025) employs visibility fitting to derive the surface brightness
distribution of continuum emission and measure the 68%,
90%, and 95% flux radius for the 30 disks.

The final disk geometries established by AGE-PRO
(inclinations and position angles) can be found in AGE-PRO
X (M. Vioque et al. 2025).

4.3. Gas and Dust Disk Masses

The gas disk masses are estimated by comparing line fluxes
with a large grid of thermochemical models. Please see AGE-
PRO V (L. Trapman et al. 2025b) for details. Here, we only
briefly outline the lines used for gas mass estimation. For
Ophiuchus sources, the cloud contamination may affect the gas
mass estimations, which is discussed in detail in AGE-PRO V
(L. Trapman et al. 2025b). We minimize the effect of cloud
contamination by using the fluxes of the most optically thin
C'0 line measured within a tight Keplerian mask. For the
majority of Ophiuchus disks, we only use C'’O line fluxes for
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Table 4
Median Disk Properties of the AGE-PRO Sample
Mﬁas Mdust g2d Rd ch Rco/Rd Xco Qmm
107"M,) (M) (au) (au)

Ophiuchus 58 14.4 122 40.3
Lupus 6.5 4.7 46 30.4 74.1 3.4 —4.83 2.25
Upper Sco 4.2 1.9 120 42.0 109.9 3.4 —4.69 245

gas mass estimations. In cases of Oph 2, 6, and 9, their c'®o
emission also appears to be reasonably clear of cloud
contamination, and we compare C"0 and C'"0 line fluxes
with predictions of thermochemical models to constrain gas
disk masses (L. Trapman et al. 2025b). We assume the element
C/H and O/H ratios are ISM level (correspondingly the ISM
level of bulk CO gas abundance) in embedded disks, as
suggested by the previous study by K. Zhang et al. (2020).

For the Lupus and Upper Sco sources, we estimate the gas
disk masses by comparing the '>CO, C'®0, and N,H" line
fluxes, along with the 1.3 mm continuum fluxes, to a large grid
of thermochemical models that compute the two-dimensional
temperature structure of the gas disk (L. Trapman et al.
2025b). As discussed in Section 2.4.1, the N,H'-to-CO
isotopologue flux ratios constrain the CO abundance (xco),
which, in turn, together with the line fluxes of CO
isotopologues, provides constraints on the gas disk mass.

For dust disk masses, we employ the standard approach in
R. H. Hildebrand (1983), S. M. Andrews et al. (2013), and
C. F. Manara et al. (2023), assuming a dust opacity of
Kk, = 2.3(v/230 GHz) em’g ! and an average dust temper-
ature of 20 K, which has been empirically demonstrated to be a
good disk average value and widely used in dust mass
estimations of Class II disks (e.g., M. Tazzari et al. 2021;
C. F. Manara et al. 2023).

4.4. Measuring Spectral Index of Continuum Emission

The spectral index of millimeter fluxes at different
wavelengths (o) provides constraints to the dust size
distributions in disks (e.g., A. Natta et al. 2007; L. Testi
et al. 2014). For the Lupus and Upper Sco sources, AGE-PRO
observations covered two continuum wavelengths 1.05 (Band
7 setup) and 1.3 mm (Band 6 setup), which provides additional
constraints on dust growth in these sources. We measured the
spectral index from the total flux of these 20 disks, using the
formula:

log,, Fg7 — log;o Fge

9’
log,qvB7 — log;y Vs

ey

QOmm =

where values of ap,, =~ 2 are expected for disks that are
optically thick at the observed wavelengths, while higher
values are typically associated with more optically thin
emission.

5. Data Release

The self-calibrated visibility data, image cubes, and radial
profiles of spectral lines are available for download from the
AGE-PRO website: https://agepro.das.uchile.cl. There, we
also provide a spreadsheet with measured properties of the
whole AGE-PRO sample, including integrated line fluxes,
stellar properties, gas and dust disk masses and sizes, disk
geometries, and millimeter-spectral indexes.
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6. Overview of the AGE-PRO First Results

The main goals of the AGE-PRO program are to measure
the gas disk masses and sizes in three star-forming regions at
different ages. In Figure 8, we show the individual and median
disk properties in the three regions, including dust and gas disk
masses and sizes, gas-to-dust mass and size ratios, CO
abundances, and millimeter-continuum spectral indexes. The
properties of individual disks are derived in AGE-PRO II-V
and X-XI, and therefore these papers should be cited as the
primary references for those properties (C. Agurto-Gangas
et al. 2025; D. Deng et al. 2025; D. A. Ruiz-Rodriguez et al.
2025; L. Trapman et al. 2025a, 2025b ; M. Vioque et al. 2025).

We calculate the median values for each region using the
Kaplan-Meier estimator in the 11 felines Python package,
to include upper and lower limits of individual data points. The
median values, listed in Table 4, do not take into consideration
survival bias, which is inherent in our selected sample because
we are probing the disks that survived evolution and eventual
dispersal. This bias is properly accounted for in the population
synthesis models of B. Tabone et al. (2025).

As discussed in Section 2.2, the Upper Sco sample might be
clustered around two age groups. Therefore, we also test
separating our results into four age groups and find the general
trends still hold (see Appendix D, Figure 13). Since the ages of
individual sources are generally considered less reliable than
the median age of a star-forming region, below we focus on
trends identified across the three regions.

6.1. Gas Evolution and Comparison with Models

Gas disk mass. In each star-forming region, the inferred gas
disk masses have a wide spread of ~2dex, as shown in
Figure 8. The median gas mass of the Ophiuchus disk sample
is one order of magnitude higher than that of the Lupus and
Upper Sco regions. There is no significant difference between
the masses of the Lupus and Upper Sco surviving disks. This
suggests that most of the gas disk mass evolution happens at
early times (between <1 and 1-3 Myr). In our sample, there
are seven, four, and five disks with gas masses higher than
1 My, in the Ophiuchus, Lupus, and Upper Sco subsamples,
respectively. Please see individual gas masses and uncertain-
ties in AGE-PRO III and V D. Deng et al. (2025), L. Trapman
et al. (2025b).

Gas disk size. The median gas disk size obtained from the
'2CO increases from Lupus (~74 au) to Upper Sco (~110 au)
(AGE-PRO XI L. Trapman et al. 2025a). We note that Upper
Sco disks are subject to mild external photoevaporation that
may truncate gas disk sizes, as shown in R. Anania et al.
(2025).

Comparison with population synthesis models. The gas disk
masses and gas disk sizes obtained from AGE-PRO are
compared to population synthesis models of turbulent-accre-
tion models, including internal photoevaporation versus MHD
wind-driven accretion models (AGE-PRO VII B. Tabone
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Figure 8. Comparison of disk properties in the Ophiuchus, Lupus, and Upper Sco samples. The circles are individual values and the squares are median values listed
in Table 4. The gas disk sizes, Rco 909 are measured as radius that encloses 90% of the 12CO (2-1). Due to the severe cloud/envelope contamination in the 2co
emission of the Ophiuchus disks, we only measure Rco 909 for the Lupus and Upper Sco disks (L. Trapman et al. 2025a). The CO abundances of Ophiuchus disks
are assumed to be at the ISM level (K. Zhang et al. 2020; L. Trapman et al. 2025b) rather than constrained by N,H ", and therefore, are not plotted. The spectral index

of Ophiuchus disks is not constrained due to the lack of Band 7 observations.

et al. 2025). The turbulence-driven models fail to simulta-
neously reproduce the median accretion rate and the disk mass.
The MHD-driven accretion models reproduce better median
disk properties. These MHD models require initially compact
disks (5-10 au) and a magnetic field that declines with time.

Gas-to-dust mass ratio. Although both the median gas and
dust masses decrease with age, the decrease rate of gas and
dust appear to vary at different times. As a result, the gas-to-
dust mass ratio (g2d) has a binomial behavior: from ISM
values (~122) in Ophiuchus, to lower values in Lupus (~46),
to ISM values in the surviving Upper Sco disks (~120). The
lower g2d ratio in Lupus compared to that of Ophiuchus is due
to the median gas mass decreasing faster than the dust mass,
while for the surviving Upper Sco sources, the increase of g2d
ratio is mainly driven by the decrease of dust mass.

CO abundance. In the AGE-PRO Class II sample, CO
abundances with respect to H, are inferred from comparing
N,H' and CO isotopologue fluxes to grids of DALI
thermochemical models (AGE-PRO V L. Trapman et al.
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2025b). We find the majority of our Class II disks have
inferred CO abundances around 10, suggesting an order of
magnitude CO depletion with respect to the ISM ratio.

6.2. Dust Evolution and Comparison with Models

Dust disk mass. The dust disk mass as inferred from the
millimeter fluxes (assuming optically thin emission and the
same temperature and dust opacity) decreases from the
youngest to the oldest region, in agreement with previous
works (e.g., M. Ansdell et al. 2016; S. A. Barenfeld et al. 2016;
I. Pascucci et al. 2016; J. J. Tobin et al. 2020; C. F. Manara
et al. 2023).

Dust disk size. The dust median sizes of the surviving disks,
measured from visibility fitting of the 1.3 mm continuum
emission, are similar across the three regions (AGE-PRO X
M. Vioque et al. 2025). The apparent lack of size evolution
differs from the findings of N. Hendler et al. (2020), which,
using shallower surveys but a much larger sample of disks,
reported more compact dust disks in Upper Sco compared to



THE ASTROPHYSICAL JOURNAL, 989:1 (24pp), 2025 August 10

Zhang et al.

Table 5
First Results from AGE-PRO
AGE-PRO References Title
I K. Zhang et al. (2025) Program Overview and Summary of First Results
I D. A. Ruiz-Rodriguez et al. (2025) Dust and Gas Disk Properties in the Ophiuchus Star-forming Region
I D. Deng et al. (2025) Dust and Gas Disk Properties in the Lupus Star-forming Region
v C. Agurto-Gangas et al. (2025) Dust and Gas Disk Properties in the Upper Sco Star-forming Region

\'% L. Trapman et al. (2025b)

VI N. T. Kurtovic et al. (2025)
VII B. Tabone et al. (2025)
VI R. Anania et al. (2025)

IX A. Sierra et al. (2024)

X M. Vioque et al. (2025)
XI L. Trapman et al. (2025a)
XI1I J. M. Miley et al. (2025)

Protoplanetary Gas Disk Masses

Comparison of Dust Evolution Models to AGE-PRO Observations
Testing Accretion Mechanisms from Disk Population Synthesis

Impact of External Photoevaporation on Disk Masses and Radii

Hints of Planet Formation Signatures in a Large-cavity Disk in Upper Sco
Dust Substructures, Disk Geometries, and Dust Disk Radii
Beam-corrected Gas Disk Sizes for the AGE-PRO sample

Extreme mm Variability in an Upper Sco Class II Disk

Lupus. However, our median dust disk sizes of Lupus and
Upper Sco regions are consistent with their values within 30
(AGE-PRO X M. Vioque et al. 2025). Sensitive and larger
sample observations are needed to improve the statistics of the
evolution of dust disk size.

Dust substructures. The continuum visibility fitting indi-
cates that dust substructures are present in half of the AGE-
PRO sample, with a tentative increase in the detection of large
cavity-type structures in older disks (AGE-PRO X M. Vioque
et al. 2025). Substructures are detected in the young sources as
well, suggesting these can form in older embedded disks. This
is consistent with the ALMA Large Program eDISK, which
found more substructures in their Class I disks compared to
Class 0 ones (N. Ohashi et al. 2023). Similarly, the CAMPOS
survey reported continuum substructures in 6 Class I/FS disks
(C.-H. Hsieh et al. 2024).

Comparison with dust evolution models: The decrease in
millimeter fluxes (or dust disk mass) with age can be explained
when dust radial drift has been partially halted in pressure
bumps (AGE-PRO VI N. T. Kurtovic et al. 2025).

6.3. Highlights of Individual AGE-PRO Papers

This section provides an overview of results from the first
batch of 12 AGE-PRO papers, which are listed in Table 5. We
briefly highlight the key findings and unique contributions of
each individual paper, guiding readers toward the original
studies for detailed discussions.

6.3.1. Disk Properties in Individual Star-forming Regions

AGE-PRO II (D. A. Ruiz-Rodriguez et al. 2025), III
(D. Deng et al. 2025), and IV (C. Agurto-Gangas et al. 2025)
offer detailed observational results and discuss the statistical
properties of AGE-PRO disks in the Ophiuchus, Lupus, and
Upper Sco star-forming regions, respectively. These papers
provide comprehensive analyses of the disks in each region,
including statistical tests on the representativeness of the AGE-
PRO sample, as well as detailed information on line emission
morphology and flux distributions. Below, we highlight a key
result from each paper.

Based on the morphology of 1.3 mm continuum images,
AGE-PRO II (D. A. Ruiz-Rodriguez et al. 2025) find four
edge-on disks (=70deg), and three highly inclined disks
(=60 deg) in our Ophiuchus disk sample. For highly extincted
objects, edge-on disks can potentially be misclassified as Class
I/FS. D. A. Ruiz-Rodriguez et al. (2025) provide new spectral

15

type estimations and consider extinction for individual
sources. The results confirm that 8 out of 10 objects are Class
I/FS objects, while Oph 8 and 9 might belong to a more
evolved stage, but not necessarily can be classified as Class II
objects.

AGE-PRO III (D. Deng et al. 2025) compares the gas
masses of the Lupus disk sample estimated from the literature
(A. Miotello et al. 2017), theoretical models by M. Ruaud et al.
(2022), and gas masses from AGE-PRO (V, L. Trapman et al.
2025b). A good agreement in gas mass estimates, for large and
massive disks, is found between the AGE-PRO estimates and
those from the M. Ruaud et al. (2022) model grids, with both
being significantly higher than the estimates from A. Miotello
et al. (2017). For smaller disks, the two estimates show more
variations but remain within the uncertainties.

AGE-PRO IV (C. Agurto-Gangas et al. 2025) finds
moderate correlations between the line fluxes of CO
isotopologues and 1.3 mm continuum flux, suggesting a
similar CO gas-to-dust mass ratio across the Upper Sco
sample, with a larger scatter compared to the younger Lupus
sample. The strong correlation between C'®*0 and N,H™ fluxes
is nearly identical for Lupus and Upper Sco, suggesting that
Xco is constant over the Class II stage of disk evolution.
Further, the solid mass budget has diminished in older disks,
while dust disk sizes and millimeter spectral indexes are, on
average, comparable or even larger than that in the younger
regions. This may be explained by the presence of dust traps
impeding radial drift in these older disks.

6.3.2. Measurements of Disk Properties

AGE-PRO V (L. Trapman et al. 2025b) describes how gas
disk masses of the 30 AGE-PRO sources are constrained. A
large grid of thermochemical models is employed to
simultaneously fit the observed 1.3 mm continuum, CO
isotopologue, and N,H™ line fluxes, as well as the 90% radii of
'2CO line emission. The results show that the median gas mass
of the three regions appears to decrease by one order of
magnitude from Ophiuchus to Lupus sample, but the median
gas disk masses of the Lupus and Upper Sco samples are
comparable.

AGE-PRO X (M. Vioque et al. 2025) performs visibility
fitting to the 1.3 mm continuum of these 30 disks. Substruc-
tures are identified in 15 out of the 30 disks, with five disks
having large (>15au) inner disk cavities. They discuss the
evolution of dust disk radii and substructures among AGE-
PRO disks across the three star-forming regions. A tentative
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trend is found, where the occurrence rate of disks with a large
central cavity increases with age. In addition, M. Vioque et al.
(2025) reports the disk geometries (inclination angle and
position angle) and dust disk sizes (Rausies% and Raust.90%-
Rdust,QS%) used by AGE-PRO.

AGE-PRO XI (L. Trapman et al. 2025a) measures the gas
disk sizes for the 20 disks in our Lupus and Upper Sco
samples, by fitting '*CO moment zero maps with beam-
convolved models. The results show that median gas disk sizes
are located at 74au in Lupus and 110au in Upper Sco.
Combined with dust disk sizes measured in M. Vioque et al.
(2025), we also find the gas-to-dust size ratios are between 1
and 5.5. Contrary to models of dust evolution that predict an
increasing size ratio with time (e.g., T. Birnstiel et al. 2010;
L. Trapman et al. 2019), the AGE-PRO results show that the
younger disks in Lupus have similar median ratios compared
to the older disks in Upper Sco.

6.3.3. Theoretical Interpretation of the AGE-PRO Results

AGE-PRO VI (N. T. Kurtovic et al. 2025) compares the
millimeter-continuum fluxes, dust disk sizes, and spectral
indexes observed in the AGE-PRO sample with dust evolution
simulations. They find that the AGE-PRO results are
consistent with models with weak or strong pressure traps.
The evolution of the spectral index in the AGE-PRO sample is
also suggestive of an unresolved population of dust traps.

AGE-PRO VII (B. Tabone et al. 2025) develops a
population synthesis approach to test two scenarios for disk
evolution: MHD disk-wind driven and turbulence driven with
internal photoevaporation winds. A systematic method was
used to fit the distribution of four disk properties of Class II
disks: disk fractions, mass accretion rates, and gas disk masses
and sizes. For Class I/FS sources, only the gas masses are used
for constraining models due to their large uncertainties in
accretion rates and gas disk sizes. The results show that the
MHD wind-driven accretion can reproduce the bulk disk
properties from Ophiuchus to Upper Sco, assuming initial
compact disks with a magnetic field that declines with time. In
contrast, the best-fitting models of turbulent-driven disks with
internal photoevaporation wind overpredict the median disk
masses in the Lupus and Upper Sco regions by one order of
magnitude.

6.3.4. Interesting Individual Disks

AGE-PRO IX (A. Sierra et al. 2024) reported dust and gas
observational hints of planet formation in the disk around
2MASS-J16120668-301027 (Upper Sco 1 in AGE-PRO).
They detect a tentative compact emission at the dust gap
center and a kinematic feature in '*CO line emission.

AGE-PRO XII (J. M. Miley et al. 2025) reports a flare
detected in the continuum emission of the 2MASS J16202 863
—2442087 (Upper Sco 7 in AGE-PRO) system, which
decreases by a factor of 8 in less than an hour, and by a
factor of 13 within 8 days. In contrast, the continuum emission
of other four Upper Sco sources observed within the same EBs
were consistent within 5% among different EBs, suggesting
the variation of Upper Sco 7 was real. J. M. Miley et al. (2025)
discusses various possibilities of the flare and suggests that
synchrotron emission was a probable cause of the con-
tinuum flare.
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7. Discussion

7.1. Similarity of Initial Conditions and External Environments
across Star-forming Regions

Surveys such as AGE-PRO aim to use samples of different
ages to constrain the general evolutionary pathway of
individual sources. The validation of this population approach
relies on two fundamental assumptions: (1) the initial and
environmental conditions of different star-forming regions are
sufficiently similar and (2) the selected sample can correctly
reflect the general characteristics of the target populations.
Here, we discuss evidence and potential issues of these
assumptions and provide the context for the interpretation of
the AGE-PRO results.

7.1.1. Similarity of Initial and Environmental Conditions

How similar are the initial and environmental conditions
across nearby low-mass star-forming regions? Surveys have
shown that Class II disks in the nearby 1-3 Myr old low-mass
star-forming regions (Taurus, Lupus, Chameleon) have similar
cumulative distributions in their continuum millimeter lumin-
osities and accretion rates (e.g., C. F. Manara et al. 2023).
These similarities support that these star-forming regions
probably had similar initial conditions and are going through a
general evolutionary pathway.

However, the similarity between the younger and older
regions remains unclear. The Class II population of the
Ophiuchus region appears to have a slightly lower average
millimeter luminosities compared with that of 1-3 Myr old
regions (J. P. Williams et al. 2019). The younger population of
the Ophiuchus disks (Class 0/1/FS) have systemically lower
dust disk masses than those in Orion and Perseus (J. J. Tobin
et al. 2020; L. Tychoniec et al. 2020). However, the difference
could be attributed to different initial conditions, stellar mass
distribution, and/or age differences. For example, Orion has
more high mass stars and a higher fraction of Class 0 sources
compared to that of Ophiuchus (M. L. Enoch et al. 2009).

Our knowledge of older star-forming regions (>3 Myr) is
also limited. Upper Sco has been the only reference point of
old star-forming regions. Although the o-Orionis region is also
considered to be relatively old (3—5 Myr), a large fraction of its
disk population is under a strong external far-UV (FUV) field
(>1000 Gy, M. Ansdell et al. 2017), which causes strong
external photoevaporation and significantly affects disk
evolution (K. Maucé et al. 2023). In the Upper Sco region,
the average external FUV field is more modest (~10 Gy) but is
still significantly higher than that of Taurus and Lupus (a few
Gy). The modest FUV strength can still affect the size of disks
and the disk mass to lesser degrees. See detailed discussions on
the effect of external UV on Upper Sco disks in AGE-PRO
VIII (R. Anania et al. 2025). In the future, studies of more star-
forming regions are needed to understand the similarities and
differences among different regions.

7.1.2. Sample Selection Biases

In Section 2, we discussed the selection criteria of the AGE-
PRO sample. The sample was selected mainly based on spectral
type, disk class type, and millimeter-luminosity. For the Lupus
and Upper Sco regions, K-S tests of millimeter-luminosity and
accretion rate between the AGE-PRO sample and the full
population of Class II disks around M3-K6 stars showed that
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these are statistically indistinguishable (C. Agurto-Gangas et al.
2025; D. Deng et al. 2025). The representativeness of the
Ophiuchus sample is more challenging to quantify because
the spectral types and mass accretion rates of the full sample
of embedded disk are unknown due to high extinctions.
One particular surprise of the Ophiuchus sample is that the
majority of these disks are highly inclined (2 60 deg,
D. A. Ruiz-Rodriguez et al. 2025; M. Vioque et al. 2025), at
a much higher proportion than the chance of random selection
of inclination. Since most of the AGE-PRO Ophiuchus disks
were not spatially resolved in previous surveys, only the new
AGE-PRO observations revealed that these disks are highly
inclined. One possible explanation is that we selected Class
I/FS sources in the Ophiuchus region from previous classifica-
tions that were based on their shallow SED slope at near-IR
wavelengths. But highly inclined disks are known to produce
shallow SED near-IR slope. Please see D. A. Ruiz-Rodriguez
et al. (2025) for an in-depth discussion of other indicators of the
youth of the Ophiuchus sample.

An inevitable bias for surveys to study properties in old
disks is the survivor bias because observations can only be
done for the disk population that have survived up to the given
age. Almost all millimeter disk surveys selected samples from
sources with IR excesses and/or accretion signatures (e.g.,
M. Ansdell et al. 2016; S. A. Barenfeld et al. 2016; 1. Pascucci
et al. 2016; L. A. Cieza et al. 2019). The disk fraction with
these features is known to decrease with age, from ~80% to
90% in <1Myr old regions to 5%—10% in 5-10 Myr old
regions, with an exponentially decreasing timescale of
2-3Myr (e.g., K. E. J. Haisch et al. 2001; D. Fedele et al.
2010; A. Ribas et al. 2014). As a result, the median disk
properties are the median properties of the survivors. There-
fore, the evolution of the median properties cannot be directly
interpreted as the general evolutionary pathway of an
individual disk. AGE-PRO VII (B. Tabone et al. 2025)
combines disk fractions, mass accretion rates, and the AGE-
PRO results of disk masses and sizes, in a population analysis
approach, using these constraints together to test both turbulent
viscous and MHD evolution models.

7.2. Decoupled Evolution in Gas and Dust Disk Masses

It is of great importance to understand the relative
timescales of the dust and gas mass evolution in disks because
the relative ratio of gas and dust contents would fundamentally
determine the types of planets that can form inside a given disk
(e.g., W. Benz et al. 2014; E. J. Lee & E. Chiang 2016).

Protoplanetary disks are believed to start with an ISM gas-
to-dust ratios of ~100 (R. C. Bohlin et al. 1978) and
eventually evolve to nearly gas-free debris disks
(A. M. Hughes et al. 2018). In the classic picture of in situ
planetesimal formation, the gas-to-dust mass ratio in disks is
usually assumed to monotonically decrease over time
(G. M. Kennedy & S. J. Kenyon 2008). When radial drift of
dust grains is considered, the local gas-to-dust mass ratio is
determined by the competition between gas and dust evolution
timescales. For example, in a viscously evolving disk with an
a< 10_3, the timescales for dust growth and drift are
significantly shorter than the timescale of gas depletion.
Consequently, models predict that the outer disk regions will
develop a high gas-to-dust mass ratio (>>100) after ~1 Myr
(e.g., T. Takeuchi et al. 2005; T. Birnstiel et al. 2010).
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The AGE-PRO program is the first systematic study to
observationally trace gas disk mass evolution in protoplanetary
disks. The new constraints on gas disk masses provide
evidence that the evolution of dust and gas disk masses
probably does not operate on the same timescale. The different
evolution timescales between gas and dust masses leads to a
surprising swing in the gas-to-dust mass ratio, with a median
ratio first decreasing and then increasing. These differences
confirm that dust masses cannot be used to obtain reliable gas
disk masses. AGE-PRO VII (B. Tabone et al. 2025) compares
two gas evolution mechanisms: viscosity and MHD disk
driven, and discusses how AGE-PRO results constrain the
timescales of these mechanisms.

7.3. The Typical Gas and Dust Disk Sizes

The sizes of gas and dust disks provide important insights
into the disk’s evolution. As shown in Table 4, the median dust
disk sizes are remarkably similar among the three samples,
from 30 to 42 au. The possible lack of evolution in the dust
disk sizes suggests that some level of pressure trap must be
present to keep some millimeter-sized particles in the outer
region of the disks. On the other hand, the decreases in dust
masses over time suggest that pressure traps in the outer disk
regions cannot completely block the inward pebble drift.
Please see N. T. Kurtovic et al. (2025) for an in-depth
discussion of the level of pressure traps needed to explain the
dust disk size and millimeter-continuum fluxes.

The median gas disk sizes of the Lupus and Upper Sco
samples appear to be around 74 au and 110 au, respectively.
This is significantly smaller compared to the CO gas disk sizes
of 100-1000 au seen in well-studied massive disks (C. J. Law
et al. 2021; F. Long et al. 2022). Therefore, to better estimate
the representative sizes of protoplanetary disks, a larger disk
sample would be needed in the future.

The apparent lack of gas disk size evolution might seem to
disprove the theory of viscous evolution because viscously
evolving disks are expected to expand over time (L. Trapman
et al. 2020b). However, both internal and external photo-
evaporation can cause gas disk sizes to shrink over time
(R. Anania et al. 2025; B. Tabone et al. 2025). Therefore, gas
disk size alone is not decisive evidence against viscous
evolution. Nonetheless, it remains a critical input for
population synthesis models to constrain disk evolution
mechanisms (B. Tabone et al. 2025).

7.4. CO Gas Abundance Evolution

CO is one of the major carbon and oxygen carriers, and is
the most widely detected molecule in protoplanetary disks.
Therefore, it is of great importance to understand the
abundance evolution of CO in disks.

For embedded disks (younger than 1 Myr), K. Zhang et al.
(2020) and J. B. Bergner et al. (2020) found that CO
abundance is initially around the ISM ratio and then decreases
on a timescale of 1 Myr, although these previous studies were
based on a small sample of Class I/FS sources. Using the
Ophiuchus sample from AGE-PRO, we confirm that the CO
abundance at the embedded stage is indeed close to the ISM
level. This is sugported by our finding of high gas disk masses
derived from C" 'O (2—1) line fluxes and a median gas-to-dust
mass ratio close to the ISM ratio of 100.
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For disks older than 1 Myr, previous studies reported a wide
range of CO abundances, from the ISM ratio to two orders of
magnitude depletion (e.g., C. Favre et al. 2013; J. P. Williams
& W. M. J. Best 2014; M. Kama et al. 2016; M. K. McClure
et al. 2016; K. R. Schwarz et al. 2016, 2021; K. Zhang et al.
2017; L. 1. Cleeves et al. 2018; D. E. Anderson et al. 2019;
J. K. Calahan et al. 2021; P. W. Cauley et al. 2021; L. Trapman
et al. 2022; M. Ruaud et al. 2022; D. Deng et al. 2023;
I. Pascucci et al. 2023b).

In the AGE-PRO study, we see a wide range of CO gas
abundances (xcp) between 107° and 10~ in the Lupus and
Upper Sco disks (L. Trapman et al. 2025b). However, the
majority of our disks have xco around 107>, These results
support significant CO depletion in 1-6 Myr disks, but few
extreme cases such as xco ~ 107 observed in the TW Hya
disk. Notably, we do not observe significant variation in xco
between the Lupus and Upper Sco sources, suggesting that CO
depletion generally ceases to progress efficiently after the first
1-3 Myr.

Two general mechanisms are proposed to explain the
depletion of CO gas abundance. The first involves chemical
processes: once CO freezes onto dust grains, it can be
converted into H,CO, CO,, and CH3OH via hydrogenation on
grain surfaces. However, this process requires an ISM level of
cosmic-ionization rate of 10~ "7 s~ ! or higher to reduce xco to
107° within 1Myr (e.g., K. R. Schwarz et al. 2018;
A. D. Bosman et al. 2018). The second theory suggests that
dust growth sequesters CO gas from the atmosphere to the cold
midplane, locking CO as ice in the midplane (e.g., R. Xu et al.
2017; S. Kirijt et al. 2018). CO depletion due to dust growth
alone is relatively inefficient, only reducing CO by a factor of
2-3 over 1Myr. However, the combination of chemical
processes and dust growth can be highly efficient, depleting
CO abundance by a factor of 100 within 3 Myr under ISM
level cosmic-ionization rate (S. Krijt et al. 2020).

We propose two hypotheses to explain the CO abundance
evolution pattern observed in AGE-PRO. The first is that the
cosmic-ray ionization rate is 10”7 s~! during the embedded
stage but decreases during the Class II stage. The second
hypothesis is that once most of the dust grains have grown to a
large size and settled to the midplane after 1 Myr, CO
depletion in the disk atmosphere is no longer an effective
process.

8. Conclusion and Future Directions

The AGE-PRO program measures the gas and dust disk
masses and sizes for 30 disks around M3-K®6 stars in three star-
forming regions, including the Ophiuchus sample (<1 Myr),
the Lupus sample (1-3 Myr), and the Upper Sco sample
(2-6 Myr). The results provide the first systematic sample to
study gas evolution in protoplanetary disks. Our main
findings are:

1. In each star-forming region, the gas disk masses show a
wide spread of 2-3 orders of magnitude. The median gas
mass of the youngest Ophiuchus disk sample is one order
of magnitude higher than that of the older disks in the
Lupus and Upper Sco samples. The median gas masses
of the Lupus and Upper Sco samples only differ by a
factor of 1.5, despite that the median dust mass of the
Upper Sco sample is 2.5 times lower than that of Lupus.
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2. The gas masses measured from AGE-PRO enable the
first comparison of gas and dust mass evolution in disks.
The gas and dust appear to evolve on different
timescales, and the gas-to-dust mass ratio does not
monotonically decrease over time. The median gas-to-
dust mass ratio starts at 122 (close to the ISM ratio of
100), decreases to a median value of 46, and then
increases to 120. These results suggest that dust growth
and drift may proceed faster than the gas evolution
after 1 Myr.

3. The median dust disk sizes measured from 1.3 mm
continuum emission appear similar across the three
regions (30-42 au). The median millimeter-continuum
spectral index of the Lupus region is slightly lower than
that of Upper Sco. The consistent continuum disk size
and increasing spectral index align with predictions of
dust evolution with pressure traps in disks.

4. Substructures are observed in millimeter-continuum
emission of disks across all ages. There is a tentative
trend that the occurrence rate of disks with a large central
cavity increases with age.

5. External photoevaporation can significantly reduce gas
disk sizes, even under moderate FUV (Gy~10) radiation
fields. While it also decreases gas disk masses, the effect
is less pronounced than for disk sizes.

6. By combining the current constraints of disk fractions,
accretion rates, and gas disk masses and sizes, population
synthesis models show that the MHD wind-driven
accretion can reproduce the median disk properties from
Ophiuchus to Upper Sco, assuming compact disks with a
magnetic field that declines with time. Turbulent-driven
disks can match the accretion rates and gas disk sizes, but
predict larger median gas disk masses in the Lupus and
Upper Sco regions by one order of magnitude.

The AGE-PRO program represents the first systematic
ALMA initiative to study gas evolution in protoplanetary
disks. Its findings highlight significant differences in the
evolutionary timescales of gas and dust. To advance our
understanding of these processes, future observations need to
target a broader range of disk ages, stellar masses, and
environmental conditions. High-resolution observations of gas
and dust emissions will be essential for comparing their spatial
distributions and identifying substructures within disks. On the
theoretical front, developing population synthesis models with
advanced physics will be crucial for accurately unraveling the
interplay between dust and gas evolution. This integrated
approach will ultimately enhance our ability to predict planet
formation pathways and timescales.
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Appendix A
Seds

Figure 9 shows the spectral energy distributions (SEDs) of
the 30 disks included in the AGE-PRO sample.
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Figure 9. SEDs of AGE-PRO sources. Blue curves show the PHOENIX stellar photosphere models using the stellar parameters and extinction values listed in
Table 1. The red curves are archival Spitzer IRS spectra. These SEDs and detailed references are shown in D. A. Ruiz-Rodriguez et al. (2025), D. Deng et al. (2025),

and C. Agurto-Gangas et al. (2025).
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Appendix B
Ages of the Lupus and Upper Sco Sources in AGE-PRO

In Figure 10, we show the age distributions of the AGE-
PRO sample, based on isochronal fitting of individual stars
with evolutionary tracks of I. Baraffe et al. (2015) and
G. A. Feiden (2016). Figure 11 shows the comparison between
our age estimations with the estimations from S. Ratzenbock
et al. (2023a), which were based on fitting a single age to all

Zhang et al.

sources in individual astrometrically identified clusters. Lupus
1, 2, and 4 have the largest differences in age estimation.
Lupus 1 and 8 are a wide-separation binary system
(J. M. Miley et al. 2024), which are expected to have the
same age. But S. Ratzenbock et al. (2023a) assigned these into
two clusters with distinctive ages. It is beyond the scope of this
paper to discuss the robustness of cluster membership of
individual sources.
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Figure 10. Isochronal ages of the Lupus and Upper Sco samples of AGE-PRO. The circles are individual ages and the squares represent the median ages of each
group. The ages were derived based on stellar properties listed in Table 1 and PMS evolutionary tracks of G. A. Feiden (2016) and 1. Baraffe et al. (2015). The
individual ages and their uncertainties can be found in D. Deng et al. (2025) and C. Agurto-Gangas et al. (2025).
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Figure 11. Comparison between the ages derived by the AGE-PRO program (C. Agurto-Gangas et al. 2025; D. Deng et al. 2025) and isochronal ages from CMD
fitting of astrometric clusters by S. Ratzenbock et al. (2023a, 2023b). Although the ages of S. Ratzenbock et al. (2023a, 2023b) are older than our results, the median
ages of Upper Sco sources are consistently older than that of Lupus sources in both age estimations.
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Appendix C
Tests of Impact of JvM Correction on Radial Profiles

For AGE-PRO image products, we aim to have both
accurate integrated line fluxes and radial profiles. As discussed
in Section 3.3, JvM correction improves the accuracy of
integrated line fluxes but might cause bias to the radial profiles
when the CLEAN is not sufficiently deep, and also make final
images appear to have higher SNR than the real value. To test
the effects of JvM correction on AGE-PRO data, we compared
line radial profiles and integrated fluxes after cleaning down to
1, 2, 3, and 40, with and without the JvM correction. The test
results of Upp Sco 8 are shown in Figure 12. The left panel
shows the comparison of radial intensity profiles. The results
show that when cleaning to 40 level, the intensity profile
without JvM is significantly higher than the one with JvM
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correction. In contrast, when cleaning to 1-2¢ level, the radial
profiles with or without JvM converge and these profiles have
lower intensity at larger radii compared with 40 one with JvM.
In the right panel, we show the flux difference from the curve
of growth method. When cleaning only to 4o level, the non-
JvM corrected flux is clearly overestimated and the JvM
correction would be necessary. When cleaning down to 1-2¢
level, the integrated fluxes are similar (and consistent within
the error bars) with and without the JvM correction. These
results show that when cleaning deeply, to 1-20 level, the JvM
correction does not improve radial profiles and flux con-
straints. Considering that JvM correction also introduces a
false boost to the SNR, we adopted cleaning the AGE-PRO
molecular line cubes down to 1o without applying the JvM
correction.
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Figure 12. Left: Radial intensity profile of the '2CO molecular emission of Upp Sco 8 when cleaning to 1, 2, 3, and 4o (see color code). The solid and dashed lines
represent cases where the JvM correction is applied and not applied, respectively. Right: Curve of growth of the CO integrated flux, obtained from the radial profiles
in the left panel. The inset panel shows the convergence of the curve of growth for all cases. Error bars in the inset panel are omitted for clarity.

21



THE ASTROPHYSICAL JOURNAL, 989:1 (24pp), 2025 August 10

Appendix D
Median Disk Properties for Four Age Groups

As discussed in Section 2.2, the Upper Sco sample seems
to be clustered around two different ages, with a younger
group (2-3Myr) and an older group (4-6Myr). In

Zhang et al.

Figure 13, we show the individual disk properties and
median disk values when the Upper Sco sample is further
divided into two groups. Figure 13 shows that the general
trends discussed in the main text still hold when four age
groups are considered.
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Figure 13. Comparison of disk properties in the Ophiuchus (0.5-1 Myr), Lupus (1-3 Myr), young Upper Sco group (2-3 Myr), and old Upper Sco group (4—6 Myr).
This is the same as Figure 8, but with the Upper Sco sample divided into two groups that show different isochronal ages (see Figure 10). The circles are individual
values and the squares are median values, for further details see the caption of Figure 8.
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