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Abstract

Recent Gaia-based young stellar association surveys have revealed dozens of low-mass populations that have, until
recently, been too small or sparse to detect. These populations represent a largely unstudied demographic with unknown
origins, and their relative isolation may minimize gravitational disruptions that impact traceback, making them
compelling targets for dynamical studies. In this paper, we survey 15 of these isolated young associations for the first
time: Andromeda South (SCYA-97), Aquila East, Aries South (SCYA-104), Cassiopeia East (SCYA-43), Canis Major
North, Leo Central (SCYA-2), Leo East (SCYA-3), Theia 72, Ophiuchus Southeast, Scutum North (SCYA-70), Taurus-
Orion 1 (TORI1), Theia 78, Vulpecula East (UPK 88), SCYA-54, and SCYA-79. By combining Gaia astrometry and
photometry with new ground-based spectroscopic measurements, we assess the membership of each population, search
for substructure, analyze their demographics, and compute ages. We find that the smallest populations in our sample
contain <20 M, of stellar mass, making them the smallest associations ever detected. Four host substantial substructure,
including TOR1, where we discover TOR1B, a new 16 M, association with radial velocities inconsistent with an origin
in the parent complex. Using PARSEC isochrones, we produce self-consistent ages for all populations supported by
dynamical and lithium depletion ages, which range from 6.9 + 0.5 Myr in TOR1A to 42.8 4= 2.4 in AndS. Our results
provide the first detailed overview of the properties of these populations, characterizing a largely unknown category of
young associations that may have an important role in tracing the processes that guide local star formation.

Unified Astronomy Thesaurus concepts: Stellar associations (1582); Stellar ages (1581); Star formation (1569);
Pre-main sequence stars (1290); Stellar astronomy (1583)

Materials only available in the online version of record: figure set, machine-readable table

1. Introduction

Most nearby young stars are not found in isolation, but rather in
comoving star clusters and associations (P. T. de Zeeuw et al.
1999; M. R. Krumholz et al. 2019). These populations inherit
motions from their parent molecular cloud, and as such, their
positions, velocities, and ages produce a record of the positions
and dynamics of star-forming clouds long after their dispersal
(e.g., P. A. B. Galli et al. 2023; C. Swiggum et al. 2024). On small
scales, young stellar populations are used to detect star formation
patterns, such as sequential and triggered star formation, where
feedback from early forming stars or gas collisions may compress
gas and trigger new stellar generations (J. C. Tan 2000;
S.-i. Inutsuka et al. 2015; L. Posch et al. 2023). On larger scales,
the locations of these clouds at formation collectively trace the
sites of dense gas in our Galaxy over time. An improved census of
recent star formation will therefore reveal not just local star
formation patterns but also kiloparsec-scale gas patterns that trace
larger structures like spiral arms.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

The data releases of the Gaia spacecraft are making the local
star formation record more complete than ever before (Gaia
Collaboration et al. 2016b, 2023). Recent Gaia-based surveys
have substantially deepened our record of nearby associations,
ranging from large, heavily substructured stellar complexes to
small, seemingly isolated associations (e.g., M. Kounkel &
K. Covey 2019; E. L. Hunt & S. Reffert 2023). Many of the
larger populations in the solar neighborhood have already been
studied, often revealing extensive substructure and multigenera-
tional star formation patterns (e.g., T. Cantat-Gaudin et al. 2019;
R. M. P. Kerr et al. 2021; G. Bricefio-Morales & J. Chanamé
2023; S. Ratzenbock et al. 2023; R. Kerr et al. 2024,
hereafter SPYGLASS-V; S. Sanchez-Sanjuan et al. 2024).

However, associations containing less than a few hundred
solar masses often lack dedicated studies of their structure,
demographics, and ages, especially outside of the nearest
100 pc (P. T. de Zeeuw et al. 1999; J. Gagné & J. K. Faherty
2018). As such, we know little about their typical dynamics
and star formation patterns. We also know little about whether
they emerge from the kiloparsec-scale gas structures in the
solar neighborhood or any clouds that may have preceded their
assembly, or whether they form in truly isolated environments.
If their formation is isolated, they may be better suited for
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precise dynamical studies, having had minimal interactions
with particularly massive nearby gas clouds that shift stellar
motions.

By identifying comoving structures in a sample of
photometrically young stars, R. Kerr et al. (2023;
hereafter SPYGLASS-IV) has produced one of the deepest
young association surveys to date, revealing 116 young
(<50 Myr) populations within 1kpc. Much of this sample is
in this largely unknown demographic of low-mass associa-
tions, including 10 entirely new populations. These popula-
tions are defined by as few as 10 high-confidence
photometrically young stars, and as such, they are among the
lowest-mass associations ever discovered. They may therefore
represent a unique demographic that traces gas structures
distinct from the kiloparsec-scale structures that dominate the
solar neighborhood (e.g., R. Lallement et al. 2019; J. Alves
et al. 2020), which could produce unusual initial mass
functions (IMFs) and binarity fractions (e.g., E. Moraux
et al. 2007; C. Conroy & P. G. van Dokkum 2012;
M. Y. Grudic et al. 2023).

In this paper, we perform the first comprehensive study of
the ages and demographics of 15 low-mass stellar popula-
tions identified in SPYGLASS-IV, revealing new coherent
substructures, and providing the high-level overview neces-
sary to guide follow-up dynamical studies. In Section 2, we
introduce our Gaia-based data set alongside new and existing
spectroscopic data. We analyze this data in Section 3,
assessing stellar membership and identifying substructure.
We then compute robust ages for all populations and
substructures and measure their masses and demographics in
Section 4. We discuss those results in Section 5, before
summarizing in Section 6.

2. Data
2.1. Initial Population Selection

Our initial membership samples are drawn from
SPYGLASS-IV, which identifies photometrically young stars
using a Bayesian framework, and then applies the HDBSCAN
clustering algorithm (L. Mclnnes et al. 2017) to detect
overdensities of 10 or more photometrically young Gaia stars
that mark the site of an association. The resulting catalog
provides both the photometrically young stars with robust
membership used to define each group, in addition to phase
space neighbors, which include early-type stars that are no
longer on the pre-main sequence (PMS). We select target
associations based on a combination of proximity, location,
and size, requiring a distance within 350 pc, on-sky position
accessible to telescopes at subtropical northern latitudes
(6 > —30), and a small population defined by N < 50
photometrically young stars. We also require that each
population has an age solution 7 < 40 Myr from SPYGLASS-IV
to exclude older populations where dynamical ages are less
reliable, and youth indicators like lithium are less informative.
This produces an initial sample of 19 populations: SCYA-2,
SCYA-3, SCYA-26, UPK 88 (SCYA-30), SCYA-35, SCYA-43,
Theia 232 (SCYA-54), SCYA-58, Taurus-Orion 1 (SCYA-64),
Canis Major North (SCYA-65), Theia 72 (SCYA-66), SCYA-70,
SCYA-72, Ophiuchus Southeast (SCYA-75), Aquila East
(SCYA-78), SCYA-95, SCYA-97, SCYA-104, and Theia 78
(SCYA-112). We remove SCYA-95, as it shows substantial field
contamination that greatly increases the observing time required
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to spectroscopically survey its members. Finally, we add Theia
98 (SCYA-79), which passes all restrictions except distance, at
d = 436 pc, but has a position and velocity that may suggest
dynamical connections to the Cep-Her Complex, alongside Theia
232, making its inclusion useful to assess that possibility in future
dynamical studies.

2.2. Supplemental Data

High-resolution spectroscopy is essential for studying
young stellar populations and their star formation histories,
providing both radial velocities with uncertainties less than
1kms~ " and equivalent widths for lines that inform youth
and stellar age. These observations are therefore required for
dynamical and lithium depletion ages, while also confirming
the motion of each association in 3D space. In the case of
small populations with limited available targets like the 19
we consider here, the availability of observations is a limiting
factor for their characterization, as particularly small
populations may host few stars where radial velocities are
available alongside strong youth indicators. We therefore
gather spectroscopic observations of bright members
throughout all populations in our sample, and use the
resulting database to identify and characterize populations
with adequate coverage.

2.2.1. Literature Values

The small associations we investigate have not been
previously targeted by any dedicated spectroscopic observa-
tions. However, several large spectroscopic surveys cover
candidate members of our target associations, reporting radial
velocities and Li and Ha EWs. To identify literature
measurements of radial velocity (RVs) and line EWSs in our
target associations, we crossmatch our data sets with an
updated form of the spectroscopic survey database
from SPYGLASS-V, which combines the source compilations
from E. Anderson & C. Francis (2012), K. L. Luhman (2022),
and M. Zerjal et al. (2023) with Vizier (F. Ochsenbein et al.
2000) and Simbad (M. Wenger et al. 2000) searches across
several associations in the SPYGLASS-IV sample. Gaia DR3
(D. Katz et al. 2023), GALAH DR4 (S. Buder et al. 2025), the
Gaia-ESO Survey (S. Randich et al. 2022), and LAMOST
(B. Zhang et al. 2021; C. Wang et al. 2022) are the largest and
most recent of these surveys, although some more localized
data sets also cover candidate members of these associations.

2.2.2. New Spectroscopy

While literature observations exist in our target associations,
few candidates have high-quality radial velocities alongside Li
and Ha equivalent widths. As such, characterizing these
associations requires new spectroscopy. We therefore con-
ducted a long-term survey of these associations with the
McDonald Observatory’s 2.7 m Harlan J. Smith Telescope
(HJST), with observation dates ranging from summer 2020 to
fall 2024. These observations used the Tull Coudé Echelle
Spectrograph, which provides noncontinuous coverage from
3400 to 10900 A at R = 60,000 (R. G. Tull et al. 1995). Some
early observations used a configuration that prioritized
maximizing the signal at the expense of the Ha line; however,
most observations use a configuration that covers both the Ha
and the Li-6708 A lines.
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We processed and reduced our spectra from HIST using a
publicly available pipeline designed for the Tull spectro-
graph.'” This pipeline also provides radial velocity measure-
ments, which use spectral line broadening functions from the
saphires package (B. M. Tofflemire 2019). We extract Li
and Ha equivalent widths by fitting a Gaussian profile for the
lines, following R. Kerr et al. (2022b, hereafter SPYGLASS-
II). This method does not consider veiling, or the systematic
underestimation of EWs due to excess emission from accretion
(S. Saad et al. 2025), but we expect accretion to be uncommon
at the ages of these populations. Our other literature sources
and the EAGLES package that we use for lithium depletion
ages in Section 4.1.3 (R. D. Jeffries et al. 2023) also do not
consider veiling, so this decision ensures a consistent analysis.

Early HIST observations focused on brighter members
(mg < 12) with no restrictions, while later observations
covered stars with mg < 15, deprioritizing objects with either
Gaia radial velocities inconsistent with the population’s mean
radial velocity if known or evidence for unresolved binarity.
The presence of a companion introduces a velocity dispersion
internal to the system as well as a flux contribution that can
warp lithium equivalent widths, and fitting the bulk system
motion requires multiepoch observations. Binaries are there-
fore slow to survey and less useful for the age analyses we
perform in this paper (see Section 4.2.4), but still important for
the demographic analysis in Section 4.2. SCYA-26, SCYA-35,
SCYA-58, and SCYA-72 have few enough bright members
that their RV peaks are unclear in the Gaia data, reducing the
efficiency of our survey work there. We observed some of the
brighter candidates in these populations but have yet to find
strong youth indicators, so a deeper follow-up survey will be
necessary to characterize them. We therefore exclude these
populations from this work, leaving 15 well-covered
associations.

Finally, we supplement our data set with RVs and spectral
line measurements from SDSS-V (J. A. Kollmeier et al. 2025),
which operates 2.5 m telescopes at the Apache Point and Las
Campanas observatories (I. S. Bowen & A. H. Vaughan 1973;
J. E. Gunn et al. 2006). These instruments provide high-quality
radial velocities through the R ~ 22,500 near-infrared
APOGEE spectrograph (J. C. Wilson et al. 2019), as well as
Li-6708 A and Ha spectral line measurements from the BOSS
spectrograph, which provides R ~ 2000 with good throughput
for 3650-9500 A (S. A. Smee et al. 2013). The observations
from HIST dominate our data set, although APOGEE
in particular contributes many new spectra through the
Milky Way Mapper survey of young stellar objects (YSOs;
M. Kounkel et al. 2023). Some of the data we present here are
available through SDSS DR19 (SDSS Collaboration et al.
2025) and other previous data releases (e.g., Abdurro’uf et al.
2022), while we have early access to the rest through the
SDSS-V collaboration.

2.2.3. Data Combination

Following SPYGLASS-V, we use the lowest-uncertainty
measurement in cases where multiple sources are available for
the same star. We deprioritize Gaia DR3, RAVE DR6, and
LAMOST Low Resolution Spectroscopic Survey (LRS) radial
velocities, as these have been shown to have discrepancies
from ground-based RV measurements of young stars of an

12 hitps:/ /github.com /dkrolikowski /tull_coude_reduction
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order of 1kms™' that are not acknowledged by the reported
uncertainties (M. Kounkel et al. 2023; SPYGLASS-V).
Nondeprioritized observations are always selected over
deprioritized sources if both have subkilometers per second
RV measurements. Finally, using the Gaia DR3-Two Micron
All Sky Survey (2MASS) best neighbor crossmatch, we add
2MASS K-band photometry to our sample, which will be
useful for upcoming lithium depletion boundary (LDB) studies
(M. F. Skrutskie et al. 2006). We compile our complete data
set for all 15 target populations in Table 1.

3. Methods and Analysis
3.1. Membership

Our membership assessment in these populations largely
follows the probabilistic approach used in SPYGLASS-V,
where some steps discussed here are explained in more detail.
This approach combines existing spatial and photometric
membership assessments with spectroscopic membership
indicators like radial velocities and Li EWs to produce
aggregate membership probabilities, which we use to separate
probable members from background contamination.

3.1.1. Initial Selection

Our final selection of young associations with adequate
spectroscopic coverage contains the following 15 populations:
SCYA-2, SCYA-3, UPK 88 (SCYA-30), SCYA-43, Taurus-
Orion 1 (TORI1, SCYA-64), Canis Major North (CMaN,
SCYA-65), Theia 72 (SCYA-66), SCYA-70, Ophiuchus
Southeast (OphSE, SCYA-75), Aquila East (AqE, SCYA-
78), SCYA-97, SCYA-104, Theia 78 (SCYA-112), Theia 98
(SCYA-79), and Theia 232 (SCYA-54). For ease of reference,
we assign new names to populations with distinct on-sky
positions that lack common names. Following the tradition of
naming populations after their parent constellations, we refer
to SCYA-2 as Leo Central (LeoC), SCYA-3 as Leo East
(LeoE), SCYA-30 as Vulpecula East (VulE), SCYA-43 as
Cassiopeia East (CasE), SCYA-70 as Scutum North (ScuN),
SCYA-97 as Andromeda South (AndS), and SCYA-104 as
Aries South (AriS).

Many of these populations have a PMS that separates
cleanly from the field. In these cases, we use the
full SPYGLASS-IV sample without restriction. However,
other populations have stellar distributions that are more
intertwined with the field, and this is marked by low values of
Pgpatial, @ metric from SPYGLASS-IV that measures the local
fraction of young stars compared to old stars. In these
contaminated populations, stars with low Py, can dominate
the color-magnitude diagram (CMD) such that overluminous
field stars like binaries fill the gap between the field and PMS.
In these cases, we remove stars with low Pgp,a tO suppress
this potentially dominant source of contamination. We there-
fore apply restrictions to Aries South (Pgpaia > 0.1) and
Taurus-Orion 1 (Pgpaiar > 0.15), as well as SCYA-54 and
SCYA-79, where we wuse the Pguim > 02 cut
that SPYGLASS-V used in the adjacent and similarly aged
Cep-Her complex. We do not remove stars that were identified
as founding photometrically young members of the association
by HDBSCAN in SPYGLASS-IV regardless of their Pgpqar-
The remaining sample is used for analysis, and comprises 4244
stars across 15 populations.
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Table 1
Data Summary for Stars Analyzed in This Paper

Subgroup

Gaia ID Assn. (SG) RA. Decl. d < M RV EWw; EWua Flags * Membership”
deg)  (@dep) (o) M) (km 5~° A o

val err src val err  src val err src V. Li Ha F Popat Py, Pgn
2799017095743054080  AndS 1 56904 199496 1637 19.12  0.14 0 0 0 0 0067 00 0.0
2799882346970157696  AndS -1 6.8938 220631 1648 1739 024 0 0 0 0 014 002 0022
2800152620672963968  AndS -1 466 212049 1760 1828 021 0O 0 0 8 0081 ..
2800952442366616576  AndS -1 6385  23.8265 1846 1794  0.18 0 0 0 0 007 0404 0404
2800965361628641792  AndS -1 49067 229071 1710 1899  0.14 0 0 0 0 043 ..
2806653242652754048  AndS -1 93791 247374 1855 1925  0.14 0O 0 o0 0 007 00 0.0
2806734602218348928  AndS 1 08256 24822 1723 1591 043 0 0 0 0 018 0042 0042
2807197668412073472  AndS -1 69167 246447 1580 1723 022 .. 0 0 0 0 009 0273 0273
2807636133033582464  AndS -1 95937 26075 1740 1794 02 1986 665 BOSS .. .. .. 764 169 BOSS O O 0 0 029 0206 0206
2807673898681458304  AndS -1 87561 260849 1694 1755  0.23 0 0 0 0 022 0023 0023
2807845005882860672  AndS 1 77592 263164 1615 1863  0.14 0 0 0 0 0479 ..
2808165208580376320  AndS -1 119928 257936 1784 1595  0.43 0 0 0 0 0073 005 0053

Notes. Contents include the R.A. and decl. sky coordinates, the C. A. L. Bailer-Jones et al. (2021) distances, and apparent g magnitudes available through Gaia, new and literature spectroscopic data, membership and
quality flags, and three measures of membership probability.

a Flags include: V, velocity membership assessment, where 1 is a kinematic member, O is inconclusive, and —1 is a nonmember; Li, lithium membership assessment, where 1 is a member, O is inconclusive, and —1 is a
nonmember; Ho, Ho membership assessment, where 0 is inconclusive, and —1 is a nonmember; and F, general flag, where 1 indicates a star with a resolved companion within 10,000 au in the plane of the sky, 2
indicates a bad broadening function solution, 4 indicates a bimodal line profile likely indicative of spectroscopic binarity, 8 indicates an RUWE > 1.2, indicating likely unresolved binarity, and 16 indicates that the RV
recorded was ambiguously attributed to two components of a binary pair. General flags are when multiple are true; for example, flag 6 indicates both flags 2 and 4.

b Membership probabilities provided are: Pgp,, the spatial membership probability, previously referred to as Ppem in SPYGLASS-1V, compares number of nearby young and old stars; Py, the spatial-photometric
membership probability, defined by correcting the prior on Page<s0 myr from SPYGLASS-IV to align with Pgp,; and Pgy, the final membership probability, which includes radial velocity and spectroscopic youth
indicators.

¢ The source of the measurement (src). The codes used are as follows: McDonald Observatory 2.7 m Harlan J. Smith Telescope (HIST), Gaia DR3 (GDR3), SDSS APOGEE spectrograph (J. C. Wilson et al. 2019;
APOG), SDSS BOSS spectrograph (S. A. Smee et al. 2013; BOSS), DESI DR1 (DESI Collaboration et al. 2025; DESI), GALAH DR4 (S. Buder et al. 2025; GAL4), LAMOST DR9 MRS spectra D. Couture et al.
(2025); LAM9M), LAMOST DR8 LRS parameters of A, F, G, and K stars (LAMSL), LAMOST DR8 Catalog of M Stars (LAMSLMCAT), LAMOST DR8 Value Added Catalog (C. Wang et al. 2022; LAMSLV),
B. Famaey et al. (2005; F5), C. A. O. Torres et al. (2006; T6), G. A. Gontcharov (2006; G6), N. Grieves et al. (2018; G18), M. Zerjal et al. (2023; Z21).

d Reported values include the correction for Fe I line deblending described in Section 3.1.5.

(This table is available in its entirety in machine-readable form in the online article.)
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3.1.2. Spatial-photometric Membership Probabilities

SPYGLASS-IV provides photometric youth probabilities,
Page<so myr in addition to spatial membership probabilities,
Pgpatiat, Which estimate the local membership fraction using the
ratio between the number of near-certain young and old stars.
Pgpatial 18 available for all stars in the candidate member lists
in SPYGLASS-IV, while Pages0 myr 18 available for a subset
of stars that pass the photometric and astrometric quality cuts
used in that publication. SPYGLASS-IV calculates
Page<so myr assuming the demographics of the field, which
is taken to have a constant star formation rate over the last
11.2 Gyr (J. Binney et al. 2000). This implies that 0.4% of stars
are younger than 50 Myr; however, associations contain young
stars at a much higher rate than the field, and that rate is
measured by Py, We therefore produce spatial-photometric
membership probabilities, Pg,, which readjust the initial youth
probability prior for a given value of Py, following the
routine presented in SPYGLASS-V and also employed in
R. Kerr et al. (2025, hereafter SPYGLASS-VI).

Contaminants in CasE necessitate adjustments to our
probability assessments, as the field sequence there is elevated
slightly above the typical field sequence seen in other
populations. This may be caused by the presence of one or
more older open clusters that share the parameter space and are
younger than the rest of the field. The most probable
contaminant population is HSC 1040 (see E. L. Hunt &
S. Reffert 2023), which overlaps with CasE in spatial
coordinates and is within 3 masyr ' in proper-motion space.
To avoid potential contamination from these sources, we apply
a manual cut, which we present in Section 3.1.6, and set Py, for
all sources below it to zero. Due to the youth of CasE, most
stars excluded by this cut are more than a magnitude below the
association’s PMS, so the risk of false rejections due to this cut
is low.

3.1.3. Velocity Membership

SPYGLASS-IV-selected association members in 5D space-
transverse velocity coordinates, and thus, stars with consistent
positions and transverse velocities but inconsistent radial
velocities may be marked as candidate members. We therefore
use the new and literature radial velocities to assess
membership.

Our RV coverage is often incomplete and contaminated with
field stars, so using the distribution of those measurements to
set our membership selection risks significant overestimates or
underestimates of the true size of the distribution. We therefore
use the 2D transverse velocity distributions to predict the
overall velocity distribution. To do this, we compute a median
transverse velocity in / and b across stars with Py, > 0.5, and
compute median UVW galactic cartesian velocities using stars
with Py, > 0.5 and ogy < 1.5km s~'. We use R.A./decl.
rather than /b for LeoE and LeoC due to their proximity to the
north galactic pole. Assuming that the maximum extent of the
population in 3D space is the same as the clustering-defined
maximum extent in 2D space, we take the difference between
the median transverse velocity and the transverse velocity of
the most outlying candidate member as the radius within
which stars are considered members. This produces a
relatively generous membership determination that will
produce some false positives, which we account for in
Section 3.1.4.
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Stars within this radius of the UVW median are marked as
velocity members (V = 1), and stars outside this radius are
marked as nonmembers (V = —1). We leave stars with no RV
or an RV uncertainty greater than half of that search radius as
inconclusive kinematic members (V = 0), as they lack
sufficient observational precision for membership assessment.

3.1.4. Velocity False Positives and Negatives

Following SPYGLASS-V, we estimate false-positive and
false-negative rates for velocity membership. These quantities
can have a substantial influence on the overall membership
probability of candidate members, especially on the main
sequence, where field contamination is most common.

We compute the false-positive rate by producing a
histogram of the RVs with ogy < Skms™', masking bins in
the range occupied by association members as per our RV
selection, and fitting a Gaussian to the resulting distribution.
Some populations in our sample are tenuous enough that a
narrow association component is not favored by RV fitting,
and in others, modeling the background using something like a
kernel density estimator (KDE) struggles to simultaneously
model both the dense population and sparse field. Our
approach therefore allows us to fit the field alone, without
needing to model the much narrower peak associated with the
association.

In populations with substructure that makes excluding the
association more challenging (e.g., TOR1, see Section 3.2.1),
or with a field distribution that is either notably non-Gaussian
(e.g., CasE) or particularly tenuous (e.g., LeoC), we instead
compute an RV, mean, and standard deviation among probable
nonmembers with Py, < 0.5, or Py, < 0.2 if the more lenient
cut does not remove most of the spike associated with the
population. We then use a Gaussian with those parameters to
model the background. The false-positive rate is provided by
the fraction of field stars, as set by the field model, that would
fall in the range of RVs where stars are marked as association
members by our RV membership assessment. We show our fits
to the field RV distributions in Figure 1. The values of this
false-positive rate range from 9% in Theia 72 and ScuN to
22% in CasE and SCYA-54. Establishing a nonzero false-
positive rate is important to allow the removal of otherwise
noncredible RV members, although the factor of 2 variation
between these associations has a relatively limited effect,
typically translating to a ~10% change in the final member-
ship probability in Section 3.1.6.

For the false-negative rate, Pg,, we use the 5% value adopted
in SPYGLASS-V. This percentage describes the fraction of
association members that are expected to have RVs incon-
sistent with the population, most likely due to velocities
induced by the presence of a companion. The small
populations discussed in this paper make it difficult to measure
this value independently for each association; however, this
5% value is consistent with the result in SPYGLASS-V and
with other cases where false negatives have been discussed
(e.g., E. L. Shkolnik et al. 2017).

3.1.5. Spectroscopic Youth Indicators

For stars with spectroscopic measurements, we include the
Ha and lithium 6708 A lines as membership indicators (see
Section 2.2). Lithium depletes rapidly after formation in fully
convective late-type stars with sufficiently hot cores, going
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Figure 1. Fits to the background contamination for all 15 associations included in this paper, which provide false-positive rates, or the rate at which field stars are
incorrectly assigned to the association. For populations where a Gaussian fit was used to fit the background, the fit is shown in dark blue, while the RV histogram of
all stars is shown in light blue. The shaded region is masked, as that is the RV range occupied by the association. For populations with features that make a fit
difficult, we take the mean and standard deviation of a set of probable nonmembers, which are indicated by the red bins. A curve representing the field model in these
cases is shown in dark red. In TOR1, we show Py, results separately for the two components discussed in Section 3.2.1.

from Li rich to essentially Li-free in 15-20 Myr for mid-M
stars, while depleting more gradually in earlier-type stars over
timescales ranging from tens of Myr for early M and late K
stars to a few hundred Myr (R. D. Jeffries et al. 2023). Lithium
is therefore a strong indicator of youth, especially in later-type
stars. The Ha line, when seen in emission, traces processes
like accretion that continue to be active for the first few tens of
Myr of the lives of later-type stars. Ha is generally not a
reliable indicator of youth due to the presence of active Ha
emitters among older field stars; however, late-type young
stars consistently show at least some Ha emission from
chromospheric activity (J. R. Stauffer et al. 1997). This was
verified by A. L. Kraus et al. (2014), demonstrating that,
among a set of stars selected without regard for Ha in Tuc-
Hor, none fall below the limit set by J. R. Stauffer et al. (1997).
A lack of Ha emission can therefore reliably flag nonmembers
of young associations. This indicator helps to reduce
contamination in the early M-dwarf regime where stars older
than ~10 Myr are essentially free of a 6708 A Li line, but Ha
emission is still expected.

To assess Li membership, we use the EAGLES package,
which computes age posteriors for stars of a given Li EW
and T value. The latter can be acquired from Ggp — Ggrp
using a conversion presented in R. D. Jeffries et al. (2023),
which was shown to produce age values that differ from
those of directly measured values of T by only 0.01 dex on
average. Li EWs in our sample typically do not account
for the presence of the Fe I line at 6707.44 A, but
D. R. Soderblom et al. (1993) provides a corrective factor
as a function of T, that accounts for this often-unmodeled
line. We apply this correction to all Li EWs prior to running
EAGLES, except for the GALAH DR4 values, which model

the Fe I line (see E. X. Wang et al. 2024). EAGLES provides
models of the expected Li EW for 3000 < T < 6500, so
our ability to assess youth with EAGLES is limited to that
range (R. D. Jeffries et al. 2023). Following SPYGLASS-V,
we mark stars with EAGLES analytical age posteriors
Pygecgo myr < 0.005 as nonmembers, which is a strict
selection that only removes stars inconsistent with member-
ship at ages near the SPYGLASS limit of detectability or
with substantial contributions from a Li-free-unresolved
companion. We additionally require RUWE < 1.2 for an
assessment of nonmembership to exempt stars with evidence
of an unresolved binary (L. Lindegren 2018; S. Bryson et al.
2020), which reduces false negatives caused by a companion
masking the Li line depth. We then mark stars with
Tmean < 50 Myr as Li-verified members, a cut that reflects
the typical age range of SPYGLASS associations. The
remaining stars are marked as having ambiguous Li
membership. Of the stars marked as lithium members, 9 of
100 across all groups are marked as RV nonmembers, which
is within the 90% binomial confidence interval of the 5%
velocity false-negative rate chosen in Section 3.1.4. One of
the three velocity nonmembers in TOR-1 later gets
reclassified as a velocity member of a dynamically distinct
subgroup in Section 3.2.1, bringing these values into even
closer agreement.

To assess Ha membership, we use the lower limits of the
Ha distribution for IC 2602 and IC 2391 presented in
J. R. Stauffer et al. (1997). Following A. L. Kraus et al.
(2014), we mark stars below this empirical limit as Hao
nonmembers, unless they show evidence for unresolved
binarity (RUWE > 1.2). All other stars are given an
inconclusive Ha membership assessment. We present the
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Figure 2. Ha equivalent width against color for all 15 associations covered by this paper. Stars rejected as members by Ha are marked as red triangles, and all other
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Figure 3. Li-6708 A equivalent width against color for all 15 associations covered by this paper. Stars marked as lithium members are shown with green star icons,
while stars that are marked as lithium nonmembers are marked with orange diamonds. Black circles indicate stars with inconclusive lithium membership, while red
triangles indicate the stars without a conclusive Li assessment that are rejected due to their lack of Ha emission in Figure 2. Stars with open markers are velocity
nonmembers.

spectroscopic membership selection for all 15 associations in 3.1.6. Final Membership Probabilities

Figures 2 and 3. In Figure 2, we show the Ha membership

assessment. We then show the results of the lithium member- Finally, we combine the results across all membership
ship assessment in Figure 3, separately marking stars identified indicators to produce aggregate membership probabilities for
as nonmembers by other membership metrics. all stars in the sample. First, we adjust the spatial-photometric
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Figure 4. CMDs for all 15 associations, adjusted for distance and reddening. Orange diamonds mark probable members with Pg, > 0.5, purple squares indicate stars
with Pg, < 0.5, and black triangles mark stars that lack Py, because they fail one or more of the quality cuts required for a Page<s0 myr Tesult. The black curve
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sequence in red, which avoids older populations that share its parameter space. In the TOR1 panel, we use different markers for probable members of the two

components discussed in Section 3.2.1, as noted in the legend.

membership probabilities using the velocity membership
assessment. Velocity is not a conclusive membership indicator
due to the nonzero false-positive and -negative rates discussed
in Section 3.1.4, and final membership rates can therefore be
computed using Bayes’ theorem as the posterior probability P
(mem|V = x), where V is the velocity membership assessment,
following SPYGLASS-V:

(l - an)ﬂp

P(memlV=1) = PV =1 ,

(1)
where Py, is the false-negative rate (5%, see Section 3.1.4).
The marginal probability P(V = 1) can be written as

P(V=1) == PRy, + Pp(l — Ryp), (2)

where Py, is the false-positive rate for the population derived
in Section 3.1.4. The analogous formula for velocity
nonmembers P(mem|V = —1) is provided by

o angp
PuPBp+ (1 — Pp)(1 — Ry)’

For a given star with a given velocity membership
assessment V, we evaluate the corresponding formula for its
membership probability given its value of V, with the result
providing its combined membership probability. For stars with
inconclusive membership probabilities (V = 0), the member-
ship probability remains Pg,. A more detailed motivation for
these formulae is provided in SPYGLASS-V.

P(memlV = —1) 3)

Finally, we introduce the lithium and Ha membership
assessments. We consider these assessments to be conclusive,
and we therefore mark lithium members as having a membership
probability of 1, and lithium nonmembers to have a membership
probability of 0. We also mark Ha nonmembers as having a
membership probability of 0. The corrections for spectroscopic
membership and velocity membership (V) produce final
membership probabilities Pg,, which we use throughout the rest
of this paper. We limit the structural and dynamical analyses later
in this paper to stars with Pg, > 0.5, although our demographic
analysis also considers stars with lower values of Pgj,.

We show CMDs for all 15 associations covered by this
publication in Figure 4, with photometry corrected for
C. A. L. Bailer-Jones et al. (2021) distance and for reddening
using the R. Lallement et al. (2019) maps. There we also show
the cut used for removing field contaminants in CasE. All of
the associations, with the exception of SCYA-79 (see
Section 4.1.4), show a clear separation between the stars in
the field sequence (near the black isochrone), and the young
populations defined by Pg, > 0.5.

3.2. Substructure

Small population sizes limit the potential for, and detect-
ability of, substructure. However, substructure may none-
theless be present in our sample, especially in larger
populations. The presence of multiple subgroups with
divergent trajectories can affect dynamical age results, as the
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most compact configuration of a substructured population may
be in the moment of the closest approach between subgroups,
not in the moment a coherent cloud becomes unbound. We
must therefore search for substructure to identify populations
with distinct ages, trajectories, and formation sites.

We use the HDBSCAN clustering algorithm to search each of
the 15 populations in our sample for substructure. Like
in SPYGLASS-II and SPYGLASS-V, we cluster in 5D space-
transverse velocity anomaly coordinates, (X, Y, Z, ¢ * Avye
* Avr,), where the transverse velocity anomaly is defined as the
transverse velocity for the star, minus the projected transverse
velocity of the median UVW 3D velocity vector at its location.
We use c = 6pc kmfl, which is a constant that makes the scales
of the spatial and velocity coordinates comparable. We cluster
this coordinate space in HDBSCAN’s leaf mode, which
identifies the smallest scale overdensities present in the
population, rather than the EOM mode, which identifies
structures due to their presence over the largest range of scales.
We set min samples and min cluster size to 7,
following the parameter choices used in SPYGLASS-II, which
focused on an association at a similar distance to many of these
populations, and with a scale and complexity not much larger
than them.

HDBSCAN assumes the presence of a background;
however, our samples are much more pure, so we therefore
assign outlying stars to the closest parent population.
Following previous SPYGLASS publications, we employ 5D
X, Y, Z, ¢ *x Avyy, ¢ * Avr,) space—velocity coordinates with
¢ = 12pckm™" as the distance metric for assigning outlying
members. This metric slightly emphasizes velocity, which is
useful in these groups, as stars that remain unclustered after
our HDBSCAN clustering tend to be more scattered in spatial
coordinates than velocity. We assign unclustered stars to the
subgroup with the nearest mean space—velocity position,
measured using the distance metric above.

This clustering reveals subgroups in 4 of the 15 populations
studied in this publication: TORI1, Theia 72, SCYA-54, and
SCYA-79. This is consistent with expectations, as the
populations that host substructure are four of the largest in
our sample, and a visual inspection verifies that the
populations classified as nonsubstructured are relatively small,
simple populations with only one major stellar concentration
within. This does not exclude the possibility of further
substructure, however, as we cannot detect structures smaller
than our minimum cluster size.

In three of the four subclustered associations (Theia 72,
SCYA-54, and SCYA-79), substructure is subtle and driven
primarily by local overdensities in an extended stellar spatial
distribution. Future work can test whether these overdensities
reflect distinct formation times and sites. In TORI1, the
substructure is distinguished by two highly distinct velocity
components. Figure 5 shows the substructures we reveal
through this analysis.

3.2.1. Taurus-Orion 1

The subgroup we mark as TORI1-0 in Figure 5 has
transverse velocity anomalies that differ from the larger
TORI-1 clump by about 6kms~'. We find that this
discrepancy is reflected in the radial velocities, where TOR1-
0 has vg ~ 19.8km sfl, compared to the average value of
ve ~ 10.8kms~' in the population as a whole and
vg ~ 10.5kms™' in TORI-1. A velocity difference of an
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order of 10kms™' quickly propagates to a large positional
difference of 100 pc after only 10 Myr, so this may indicate
that the two components of TORI1 originate in completely
different environments. We therefore use HDBSCAN’s
definition of the two subgroups presented above to split the
population in two, and analyze the two halves separately
throughout the rest of this paper. We hereafter refer to the
larger TOR1-1 clump as TORI1A, and rename the smaller
TORI1-0 clump to TORI1B.

We update RV membership following the procedures in
Section 3.1.3 for both populations given their new definitions,
which results in one Li member/velocity nonmember in
Figure 3 being redefined as a velocity member of TOR1B. The
two components lie in a similar environment, and we therefore
continue to use the original background fit for TOR1 shown in
Figure 1 for both components. However, the two subgroups
have different RV ranges, changing their false-positive rates.
We show the RV ranges of both subgroups, along with the
corresponding Py, for both subgroups in TORI’s panel in
Figure 1. Using the updated membership assessments and Py,
values, we update Pg, for all members in both components. In
Figure 4, we present a CMD that distinguishes between
probable members of each component, showing that TORIA
and TORI1B both have clear PMSs with similar ages.

4. Results

In this section, we calculate the ages and population
demographics of our associations. Our ages combine three
independent methods, which we compare to converge on the
best available age fits. Our demographics correct the known
membership for completeness, contamination, and binaries to
measure the number of members and mass produced by these
star-forming events. Together, these values provide critical
information on the scales and histories of these associations,
which contextualize their formation environments.

4.1. Ages
4.1.1. Isochronal Ages

Isochronal ages are the most widely available method of age
computation, requiring only absolute photometry, which is
available for nearly 2 billion stars in Gaia (e.g., D. R. Soderblom
et al. 2014). While disagreements between different isochronal
models result in systematic uncertainties, isochronal ages are
quite reliable in relative terms, as small differences in the height
of the PMS can reliably indicate age differences of an order of a
few Myr.

To compute isochronal ages, we follow a generalized form
of the fitting routine outlined in SPYGLASS-V, designed for
use with several different isochronal models. We restrict our
stellar fitting to 1.8 < Ggp — Ggrp < 4, covering much of the
PMS, and minimize the influence of binaries by removing stars
with RUWE > 1.2, following S. Bryson et al. (2020). We
further restrict the sample to RUWE < 1.1 in cases where this
additional restriction does not reduce the number of available
stars available below 15, providing a maximally pure sample
of single stars in well-populated groups where further
restriction does not adversely affect sample size. We also
remove stars with a mass M < 0.2M, (see Section 4.2.1). Stars
in our samples below this cutoff rarely follow the same
isochrone as more massive members, and the offset differs by
model. Their inclusion results in age solutions that grow older
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Figure 5. Substructure in young associations where we detect it, shown in [ and b galactic sky coordinates and Avz,; and Avy,, transverse velocity anomalies. We
only show stars with Pg, > 0.5. The two components in TOR1 also differ by ~10 km s~ in radial velocity, indicating that they are dynamically distinct populations.

We rename TOR1-1 to TORI1A, and TOR1-0 to TORI1B.

with the number of stars in this mass range, which correlates
with distance. F. Wang et al. (2025) acknowledged this pattern
and corrected the PARSEC isochrones to remove it, although
here we simply remove these low-mass stars for distance-
unbiased results across all models.

Finally, we impose two cuts on membership probability. To
avoid excessive field contamination, we require Pg, > 0.1,
which removes clear nonmembers, without removing potential
members that lie low on the PMS. This cut consistently
removes most but not all visually identifiable field stars, and
only removes plausible PMS stars in cases of spectroscopic or
velocity nonmembership. Finally, we cut on Pgp,, to remove
candidates in a field-contaminated regime farther from the
region’s space—velocity locus. For most populations, we
impose Pgpaia > 0.2, but further restrict to Pgpaia > 0.3 for
TORIB and t0 Pgpaia > 0.5 for CMaN, TORIA, Theia 72,
ScuN, SCYA-54, and SCYA-79, ensuring that the PMS
dominates the sample without the excessive removal of
credible members. Pgyai, has no dependence on photometry,
so restricting it does not risk biasing the age result unless
unresolved age substructure is present.

For each population, we take 10,000 subsampled samples of
the stars that survive the cuts above, selecting half of those
stars at random to a minimum sample size of 5 with the
selection probability weighted by Pgp,ia. We then apply least-
squares fitting with 20 outlier removal to each sample,
selecting a best-fit isochrone model based on the Ggp — Grp
and M absolute photometry of the selected stars, corrected for
Gaia geometric distance (C. A. L. Bailer-Jones et al. 2021) and
extinction from R. Lallement et al. (2019). This routine
provides a reliable uncertainty measurement while suppressing
contamination from any remaining binaries or stars with
excess emission from accretion (e.g., J. Muzerolle et al. 1998).
The final age solution and uncertainty are provided by the 2o
clipped mean and standard deviation, respectively, across all
samples. We apply this fitting routine to all populations
and subgroups included in this paper, using the BHACI15
(I. Baraffe et al. 2015), DSEP-Magnetic (G. A. Feiden 2016),
and PARSEC (Y. Chen et al. 2015) isochronal models. The
PARSEC and BHACIS isochrones are chosen to cover sets of
isochrones that produce similar age solutions in G. J. Herczeg
& L. A. Hillenbrand (2015), while the DSEP-Magnetic
isochrones are chosen due to their success in reproducing
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young association ages computed using other methods, with
those results accomplished by introducing strong magnetic
fields to the model (e.g., SPYGLASS-II).

In Figure 6, we show PARSEC and DSEP-Magnetic age fits
to each of the 16 populations, along with some select BHAC15
isochrone fits. The online-only version of this figure provides
all isochronal age fits using all models, including subgroup-
specific ages where relevant. We summarize the age solutions
for each population and subgroup across all isochronal models
in Table 2.

4.1.2. Dynamical Ages

Dynamical ages are measured by tracing a population back
in time through the galactic potential and measuring the time
of most compact configuration, which marks the start of stellar
dispersal after formation. These measurements typically
assume minimal self-gravity (see Section 4.2.6), and that, on
the short timescales between the formation of these stars and
today, external gravitational perturbations have a limited
effect. D. Couture et al. (2023) reviews the strengths and
weaknesses of various dynamical age calculation methods,
highlighting the importance of a pure sample of members and
a reliable size metric. They note that the presence of
observational uncertainties increases the velocity dispersion
of a population, resulting in an overestimation of the rate of
stellar dispersal. This produces an offset that, if uncorrected,
results in age underestimation. We therefore compute
dynamical ages that include a correction for this bias.

We first correct our radial velocities for gravitational
redshift, which is caused by general relativistic effects in the
gravitational field of a star, and convective blueshift, which is
caused by brightness differences of rising and falling
convective cells producing line asymmetries that slightly
blueshift the spectrum. As described in D. Couture et al.
(2023), both effects change the velocity by a few tenths of a
kilometer per second, usually producing a net redshift. We
correct for these effects for each star using the relations in
D. Couture et al. (2023), which provide the expected shifts as a
function of spectral class. We determine the spectral class for
each star by first interpolating the T.¢ corresponding to its
stellar mass for the parent association’s best-fit PARSEC
isochrone. We then convert from 7. to spectral class using the
relationship from G. J. Herczeg & L. A. Hillenbrand (2014),
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Figure 6. Isochronal fits in Ggp — Grp versus M absolute color—magnitude space, using PARSEC, BHAC15, and DSEP-Magnetic isochrones. The population,
best-fit age, and model are annotated in each panel. Stars included used in the fit are marked with black diamonds. We plot the best-fit isochrone alongside 5, 10, 20,
40, and 80 Myr isochrones (top to bottom) for reference. We show PARSEC and DSEP-Magnetic fits for all populations, as well as BHACI1S5 ages for select
populations. The complete figure set (69 images), including all models in addition to age fits for subgroups, is available in the online version.

(The complete figure set (69 images) is available in the online article.)

which covers F5 and later YSOs, and use the M. J. Pecaut &
E. E. Mamajek (2013) relation for earlier-type stars, which
evolve quickly onto the main sequence. We do not apply a
convective blueshift correction to APOGEE data, as this effect
is most prominent at short wavelengths and often negligible in
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the near-infrared (N. Meunier et al. 2017). We use these
corrected RVs for dynamical traceback.

To ensure that our sample contains only stars with reliable
velocities, we restrict it to include only high-probability
(Pgn > 0.8) velocity-verified members without evidence for
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Table 2
Lithium Depletion, Dynamical, and Isochronal Ages for All Associations and Subgroups in Our Sample

Association SG Lithium Depletion® Dynamical Isochrones®
Analytical ML PARSEC* BHACI15 DSEP-Mag.
val lerr uerr val lerr uerr val err corr® val err val err val err
AndS 41.2 10.7 18.4 44.7 12.3 23.7 37.2 8.5 32 42.8 24 18.2 1.4 343 33
AqE 18.0 2.0 2.0 20.0 24 24 19.4 6.6 1.9 18.5 1.3 10.1 04 16.3 1.1
AriS 14.3 6.5 9.7 29.9 15.6 1.7 9.3 0.6 15.8 1.3
CasE 14.6 1.7 2.0 14.8 33 3.0 10.3 5.5 0.8 9.8 0.4 6.0 0.1 10.2 0.5
CMaN 26.3 2.0 2.2 24.5 1.6 2.4 23.7 4.9 3.0 26.0 1.2 13.0 0.3 23.0 1.1
LeoE 34.7 5.5 6.5 31.3 6.1 9.5 15.8 7.6 1.9 21.7 2.1 10.7 0.6 19.6 1.3
LeoC 17.2 12.2 4.9 6.0 15.6 10.8 —0.1 12.4 1.5 7.8 0.6 13.9 1.2
Theia 72 437 6.9 94 35.9 6.7 12.0 28.0 7.2 2.3 26.5 1.2 13.1 04 22.3 0.7
Theia 72 0 25.7 1.0 10.8 1.1 19.4 2.7
Theia 72 1 23.0 10.4 2.0 30.8 2.2 144 0.6 27.5 1.5
Theia 72 2 19.5 10.4 2.9 24.7 0.6 12.4 0.6 21.3 0.8
OphSE 7.2 15.8 14.8 5.1 3.6 13.8 1.2 7.5 0.7 12.4 1.0
ScuN 19.5 2.3 2.6 19.5 2.9 2.4 9.5 1.9 5.9 0.8 11.5 24
TORI1A 15.5 11.5 4.6 53 4.1 2.9 0.1 6.9 0.5 4.7 0.3 8.7 0.6
Theia 78 24.8 3.5 3.7 23.4 4.2 4.1 21.7 7.5 2.2 17.1 1.5 9.5 1.1 14.9 1.9
TOR1B 50.7 22.2 38.4 37.6 23.8 45.6 7.1 2.1 4.7 0.8 9.1 0.8
VulE 57.5 10.8 16.6 63.1 18.9 29.2 30.7 39 15.5 2.7 27.4 3.0
SCYA-54 51.3 13.3 15.5 41.7 13.5 23.6 23.3 12.5 6.2 29.8 1.9 15.5 0.8 27.7 1.8
SCYA-54 0 31.2 18.7 5.4 36.3 5.2 16.0 1.1 29.0 2.8
SCYA-54 1 28.4 1.5 144 1.6 26.4 2.1
SCYA-79¢ 35.5 12.6 17.0 29.9 11.0 16.9 21.4 10.5 1.9 46.1 10.5 19.0 2.1 41.7 4.4
SCYA-79 0 50.0 18.0 18.7 2.2 39.2 5.7
SCYA-79 1 34.4 15.4 32 31.5 6.1 15.1 33 30.3 5.6

Notes. All values are in Myr. PARSEC isochronal ages are adopted as the best age solutions in Section 4.1.4.

 lerr and uerr denote upper and lower 1o uncertainties. The uerr value denotes an upper limit in cases where only that column is filled.

b Uncertainties in isochronal ages are statistical, and therefore do not consider systematic uncertainties.

¢ The PARSEC isochronal ages are our preferred solutions.

d Debiasing factor to dynamical age described in Section 4.1.2.

¢ The field sequence and pre-main sequence separate poorly in SCYA-79, resulting in unreliable isochronal ages. Our adopted age provides only an upper limit based
on the lithium depletion age and dynamical age for SCYA-79-1.

binarity (resolved or unresolved as indicated with traceback history. Finally, we remove stars that reach their
RUWE > 1.2). We only include stars with ogy < 1kms ', minimum average distance from other stars within 5 Myr of
and exclude stars with only Gaia RVs, which have been shown the present day for PARSEC ages 7 > 20 Myr, within 1 Myr
to host systematic uncertainties at the 1kms~' level among for populations with 10 < 7 < 20Myr, and at 0 Myr for
young stars (M. Kounkel et al. 2023). We use the median 7 < 10 Myr. This excludes objects with velocities inconsistent
length of all branches connecting stars as our distance metric, with dispersal from a common origin on a timescale similar to
where branches are defined as a line connecting any two their presumed ages. These cuts usually remove less than 20%
members, similar to the median mutual distance metric of candidates, but these restrictions can be quite impactful in
from SPYGLASS-II. In D. Couture et al. (2025)’s study of associations with fewer reliable RVs.
Tuc-Hor, Carina, and Columba, the mean branch length To compute uncorrected dynamical ages, we take 5000
provides the best combination of precision, accuracy, and Monte Carlo samples containing half of the stars in each final
dynamical age contrast, but we find that our use of the median restricted stellar sample to a minimum of 3, and compute the
instead of the mean produces more consistent results given the time of the minimum median branch length in the galpy
more limited data sets in our associations. traceback results of each sample. The dynamical age and
Prior to computing dynamical ages, we further restrict the uncertainty are set by the average and standard deviation of
sample to eliminate outliers. We first trace stars back through those times, respectively, excluding times less than 1 Myr for

the MWPotential2014 galactic potential using galpy PARSEC ages of 10-20 Myr, and less than 5 Myr for PARSEC
(J. Bovy 2015) and assuming the D. W. Hogg et al. (2005) ages larger than 20 Myr. Samples that fail these cuts need not

solar motion. We trace back 50 Myr for most populations and contain bad velocities, but could consist of stars with very
80 Myr for the older populations of AndS, SCYA-54, and similar velocities that have dispersed little since formation,
SCYA-79. The choice of model was shown in N. Miret-Roig making their branch lengths uninformative.

et al. (2020) to have a minimal impact on dynamical age We then compute bias corrections to account for observational
results for populations like those in our sample, so MWPo— uncertainties in our uncorrected dynamical age results, roughly
tential2014 is chosen primarily due to its computational following the routine outlined in D. Couture et al. (2023). We
efficiency. Following D. Couture et al. (2023), we eliminate first use galpy to trace each star in the dynamical age calculation
any objects that deviate more than 3o from the median velocity back to its PARSEC isochronal age, and construct a model of the
and position of the association at any point during that association at that time. We center the model at the association’s
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Figure 7. Dynamical ages for all associations and subpopulations where a solution is possible. The black lines represent the median branch length over time for each
Monte Carlo sample used in age calculation, and the thickest black line represents the median branch length curve of all members included in sampling. The thick
vertical red line and shading represent the best-fit dynamical age solution after debiasing and its 1o confidence range, while the thinner purple vertical line provides
the age solution before debiasing. The population and age solution are annotated.

mean X, Y, Z, and corresponding velocities at its PARSEC age,
and set the velocity dispersion to the average dispersion across
Avy; and Avr,. The initial size of the association is more
difficult to estimate, as molecular clouds vary in size, and
traceback uncertainties are too large to resolve most parent
cloud sizes. The mean standard deviation across X, Y, and Z
at the time of its uncorrected dynamical age serves as a
plausible upper limit, but the cloud size is otherwise largely
unconstrained. Known clouds have scales ranging from
around 1 pc, like Rho Oph and NGC 1333, up to tens of
parsecs, like some filaments in the Taurus complex (e.g.,
B. Ladjelate et al. 2020; D. M. Krolikowski et al. 2021;
J. D. Soler et al. 2023). Without a strong reason to favor a
small, compact cloud over a larger filamentary structure, we
Monte Carlo sample the initial size with a value drawn from
a flat distribution between 0.5 pc and the position standard
deviation for each population at its uncorrected dynamical
age, which ranges from 3 to 12 pc.

For each population, we generate 1000 initial sizes, and for
each size, we select positions and velocities from Gaussian
distributions centered on the average values above, and use the
random population size and velocity standard deviations to set
the corresponding widths. We then trace each model population
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forward to the present day, convert to sky coordinates, add
random uncertainties based on the mean distance, proper motion,
and RV uncertainties in the sample, and then apply our
dynamical age routine to those generated stars. The dynamical
age bias correction is set by the difference between the average
result and the input PARSEC age, and the uncertainty is set by
the corresponding standard deviation. The resulting offsets range
from ~0 to 6 Myr. The final dynamical age solution is the sum of
these corrective values and the uncorrected dynamical age. We
show the final dynamical age solutions for all populations where
a fit is possible in Figure 7, and summarize the results in Table 2.
We do not report ages where the 1o lower limit is within 1 Myr
of the limit used for cutting stars or samples.

D. Couture et al. (2023) find that the initial size does not
substantially affect the dynamical age bias, but this conclusion
assumes a velocity dispersion of 1kms~'. Many of our
associations have o, < 0.5km s~!, and we find that, in this
regime, the size of this bias is sensitive to the initial size of the
population. In the case of CMaN, an initial size of 1pc
produces a mean offset of ~2 Myr, while a 10 pc size produces
an offset of 6 Myr. Populations derived from filamentary cloud
complexes may therefore have their dynamical ages system-
atically underestimated.
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4.1.3. Lithium

The depletion of the Li-6707 A line can be used not just for
youth indication as discussed in Section 3.1.5 but also as a
powerful tool for age measurement. The EAGLES package
provides empirical models of the lithium depletion curve as a
function of age, as well functions for computing an age
probability posterior for a given stellar Li EW and effective
temperature T.¢r. These functions use both the original
analytical model (vl; R. D. Jeffries 2023) that we used in
Section 3.1.5, and a new machine learning (ML) neural
network version (v2; G. Weaver et al. 2024).

We start by limiting our sample to stars in EAGLES’
3000 < Te¢ < 6500 K model range with Li EWs. We impose a
membership cut of Pg, > 0.8, and remove binaries with
RUWE > 1.2. We run EAGLES vl for all stars that pass these
conditions using their 7. and Fe I-deblended Li EWs
computed in Section 3.1.5. We remove any stars with an
EAGLES 30 lower age limit above the highest isochronal age
solution in Section 4.1.1. This removes any remaining
nonmembers or stars with contamination from an unseen
companion. We only use the analytical EAGLES module for
this step so that the sample is the same across each module,
enhancing comparability.

We multiply the age likelihoods of all remaining stars to
produce aggregate posteriors for the entire population, and we
do this separately for both the original and ML EAGLES
modules. We set the age to the 50th percentile of the posterior,
and set the lower and upper uncertainty intervals to the 16th
and 84th percentiles, respectively. We exclude ages under
5 Myr, where EAGLES lacks age discrimination and therefore
sets the likelihood to its value at 5 Myr (R. D. Jeffries 2023).
We only report an upper age limit for populations where the
posterior at 5 Myr exceeds half of its peak, which we set to the
95th percentile of the probability posterior. We plot the lithium
depletion age solutions in Figure 8, showing the Li EWs used
in the calculation, the best-fit EAGLES Li curves, and the
resulting combined age posterior.

The two different EAGLES modules produce broadly
similar results. The main difference is in the “Li dip,” which
reaches zero about 10 Myr earlier and transitions more sharply
in the analytical version. In populations like AqE, where this
dip is well covered, the analytical model is in close agreement
with both the nearly Li-free stars in the dip and the Li-rich
stars to the right of it, while the ML version does not capture
this sharp transition as closely. However, the ML version
seems to produce more consistent results in populations with
less coverage, especially populations with a significant Li
scatter. The large scatter and Li dip shape in the ML module
are produced by an observed scatter in real Li observations
(G. Weaver et al. 2024). Our harsh quality cuts on binarity and
membership may improve this scatter beyond the expectations
of the ML model in populations like AqE, but this does not
appear to be universal. We therefore include both the
analytical and ML results in Figure 8 and Section 4.1.4, but
use only the analytical results for membership assessment and
quality checks for consistency with previous work
(e.g., SPYGLASS-V).

4.1.4. Final Ages

We have produced isochronal ages using several different
models, as well as dynamical and lithium depletion ages. The
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isochronal ages provide a consistent relative age scale derived
from the height of the PMS that is available for all populations,
unlike the dynamical and lithium depletion methods. However,
isochronal ages are often inconsistent with each other
and with other age calculation methods in absolute terms
(e.g., G. J. Herczeg & L. A. Hillenbrand 2015; A. Rottensteiner
& S. Meingast 2024). The accuracy of these isochronal solutions
can be assessed by comparison with the nonisochronal methods.

We summarize our age results in Figure 9, plotting all age
solutions for all populations in the bottom panel. In most cases,
the BHACIS isochronal age results are inconsistent with the
nonisochronal ages, allowing us to readily dismiss those age
solutions. The DSEP-Magnetic and PARSEC ages agree more
closely with both each other and with the nonisochronal age
methods; however, they tend to diverge for older populations
like AndS, Theia 72, and CMaN, where the PARSEC ages are
consistently higher. It is rare that a well-constrained lithium
depletion or dynamical age agrees with one isochronal age
solution and not the other; however, the older ages produced
by PARSEC put that model in marginally better agreement
with the lithium and dynamical age solutions for populations
like Theia 72, OphSE, and Theia 78. CMaN has among the
most complete lithium sequences of any population in our
sample, and its analytical lithium depletion age agrees closely
with PARSEC, but is not within uncertainties of the DSEP-
Magnetic age.

While agreement with other methods may marginally favor
the PARSEC over DSEP-Magnetic, the use of PARSEC is
perhaps better motivated by the consistent agreement between
that model and our PMS. In Figure 6, more luminous stars tend
to fall below the best-fit DSEP-Magnetic isochrone by up to
0.5 mag, while PARSEC can fit both the upper and lower PMS
simultaneously. Among those higher-mass stars, the best-fit
ages produced by the DSEP-magnetic models can be up to
double the best-fit age for the association as a whole, while
PARSEC shows no such discrepancy. The DSEP-Magnetic
ages may therefore have a bias toward older age solutions in
populations with more high-mass PMS stars, making the age
results produced by those models a function of not just the
height of the PMS but also the mass function. We therefore
conclude that PARSEC produces the most reliable age scale
for our analysis.

In the top two panels of Figure 9, we compare the PARSEC
isochronal age results to the dynamical and lithium depletion
ages, with a 1:1 trend for reference. The lithium depletion ages
often skew high, but many of the populations above the line of
equivalence have very few Li measurements in the most
informative part of the Li sequence, like in VulE and SCYA-
54. Others have outliers that, if removed, would substantially
change their age solutions, such as in TOR1B, where one star
with a low Li EW only marginally passes our outlier cut in
Section 4.1.3. The age solutions in AqE and CMaN, which
have some of the most complete Li sequences of any
populations in our sample, agree closely with their corresp-
onding PARSEC age solutions.

The ML module, which is designed to better capture natural
scatter in these measurements, produces results that align more
closely with PARSEC in the populations with high analytical
Li ages relative to PARSEC. The apparent high bias in the Li
age fits may therefore be driven by coverage that is too
incomplete to reject unrealistically old age solutions. Iso-
chrones that do not account for magnetically driven radius
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Figure 8. EAGLES lithium depletion fits for each of the 16 associations covered in this work, including both the original and ML EAGLES modules. For each
association and EAGLES module, we show two panels; the left one shows the best fit to the lithium sequence, and the right panel shows the combined posterior for
all stars included in the fit. For populations with substructure, we color the Li measurements by their subgroup, following the color scheme in Figure 5. Fits that use
the EAGLES ML module are labeled in the top right of the age posterior plot, and these are shown in purple and pink rather than the blue and red color scheme for

the analytical results.

inflation have been shown to produce age results far younger
than suggested by lithium depletion (R. D. Jeffries et al. 2017;
E. Franciosini et al. 2022), and the BHACI15 isochrone fits
appear to exemplify that effect. The PARSEC and DSEP-
Magnetic fits, however, both include corrections that modify
the mass—radius relationship (Y. Chen et al. 2014;
G. A. Feiden 2016), and our results using those models show

no conclusive evidence of systematic age underestimation
relative to the lithium depletion age.

All dynamical ages are consistent with our PARSEC ages
within uncertainties, except in SCYA-79, where the PARSEC
ages are poorly constrained. There is no clear evidence of an
offset between the dynamical and isochronal ages like what
has previously been used to indicate a gas dispersal timescale
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Figure 9. In the top panels, PARSEC isochronal ages plotted against the
lithium depletion (left) and dynamical (right) ages, with a 1:1 line of
equivalence for reference. In the lithium depletion panel, we plot solutions that
use the analytical eagles modules in black and the ML solutions in blue. Some
lithium depletion ages provide only upper limits, which are plotted
accordingly. We mark SCYA-79 with lighter shades, as its isochronal ages
are made uncertain by a weak separation from the field. Both the lithium and
dynamical results show broad agreement with the PARSEC isochronal results.
The lithium depletion ages often exceed the PARSEC isochronal ages;
however, they agree closely for some populations, especially populations with
the most complete coverage of their lithium sequences like AqE and CMaN.
Nearly all dynamical ages are consistent with the PARSEC isochronal age
solutions within uncertainties. In the bottom panel, we show all age solutions
for each association, including the three isochrone models, dynamical ages,
and lithium depletion ages from the analytical and ML EAGLES modules.
There we show that most methods often agree, although the BHAC15 models
frequently disagree with nonisochronal methods.

(e.g., SPYGLASS-II; N. Miret-Roig et al. 2024). We discuss
this point further in Section 5.

Due to the agreement between our PARSEC ages and these
other methods, we adopt the PARSEC isochronal age for most
of our sample. We further discuss this choice in Section 5.
SCYA-79 has a strong Li sequence consistent with a 36 Myr
age but lacks a clearly separable field sequence, which may be
caused by uncorrected extinction in the crowded region of
northern Cygnus where it resides. We therefore adopt only an
upper limit of 60 Myr for SCYA-79 and its subgroups, which
is supported by the dynamical and lithium depletion ages. This
entanglement with the field makes demographic studies
unreliable, so we exclude it from Section 4.2.

4.2. Demographics

All of the populations we explore in this paper have yet to
have their sizes, masses, and total membership comprehen-
sively investigated. SPYGLASS-IV’s candidate member lists
provided the first look at sizes of many of these associations,
while some larger populations have also been covered by the
M. Kounkel & K. Covey (2019) membership lists. However,
these publications did not address all potential sources of bias.
Most of these populations represent an understudied demo-
graphic of low-mass, isolated populations that has yet to be
explored, so detailed demographic work is essential to identify
differences and similarities between these populations and the
much larger populations that dominate the current literature on
young associations.
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4.2.1. Stellar Masses

We compute the masses of individual stars by comparing
the stellar photometry to the PARSEC v1.2S isomass track
grid from SPYGLASS-V, which uses mass sampling every
0.005 M, for 0.09M.,, < M < 1M, every 0.01 M., between
1.OMs, < M < 2.0M, every 0.02 M, for 2M. < M < 4M,
and every 0.05 M, for 4M,, < M < 20M.,. We set the mass to
that of the nearest isomass track. Most populations have a
maximum stellar mass between 2 and 4 M., with no
candidates more massive than 4 M.. These populations
therefore lack stars that could constrain the main-sequence
turn-off ages, which is not surprising given their small total
masses (e.g., G. Chabrier 2005).

4.2.2. Correction for Low-mass Stars

Our Gaia-based stellar samples include most stars in the
M > 0.09M, mass range covered by the PARSEC isochrones.
However, stars near Gaia’s G = 21 mag limit often lack high-
quality astrometry or photometry, resulting in a lower
completeness rate at low masses, especially for more distant
populations. We must therefore correct our stellar samples for
Gaia completeness to accurately estimate their demographics.

We show a histogram of stars that pass the astrometric and
photometric quality flags in Figure 10, with bins evenly log
sampled between 0.09 and 15M., and with each object
weighed by Pg,. We smooth the result with a Savitsky—Golay
filter to produce a mass frequency curve, which we also show
in Figure 10, alongside the G. Chabrier (2005) IMF scaled to
best fit the mass frequency curve for M > 0.25M,, via least-
squares optimization. Our mass distributions generally follow
the G. Chabrier (2005) IMF, although there is some variation,
most notably a stellar deficit at M ~ 0.5 and an excess at
M ~ 0.25. This pattern has been shown in several prior
publications, and is usually attributed to model inaccuracies
that displace some stars to lower masses (e.g., A. L. Kraus
et al. 2014; SPYGLASS-V).

All mass frequency curves show fewer stars in the low-mass
regime compared to the G. Chabrier (2005) IMF, indicating a
drop in Gaia completeness there. We take the difference
between the mass distribution curve and the scaled IMF to the
left of the leftmost crossover point in Figure 10 as the volume
missed by Gaia. The corrective factor to the number of
members is the sum across the entire stellar histogram, plus the
sum over the area to the left of the crossover point, divided by
the sum over the entire stellar histogram. We limit this
calculation to stars with masses M > 0.09M, or above the
PARSEC lower mass limit, which is used as the mass cutoff
for inclusion in our stellar sample. The mass corrective factor
is computed the same way, but with each histogram and scaled
IMF multiplied by the mass at each bin element. We did not
bound this calculation in mass, as low-mass and substellar
objects can still contribute to the virial state of a stellar
population. The resulting corrective factors range from 1.06 to
1.18 in mass and from 1.14 to 1.53 in number. The size of
these corrections correlate with distance, with four of five
populations with a mass correction less than 1.1 having
d < 220pc. SCYA-54, which contains the most distant
subgroup we cover here, has the largest correction in both
mass and number.
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Figure 10. IMF-based mass corrections to all 15 associations where demographics are possible. The dark blue histogram shows the distribution of association
members, and a smoothed version of that is shown in light blue. The orange curve shows the G. Chabrier (2005) IMF. The missing mass, shown in red, is computed
using the volume between the G. Chabrier (2005) IMF and the smoothed version of the stellar mass distribution curve. This is used to compute the corrective factors
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4.2.3. High-mass Stars

Some of our mass histograms in Figure 10 show a deficit
of stars with M 2 2M,, which may be caused by a lack of
quality Gaia astrometry and photometry for stars that saturate
(G < 3) (Gaia Collaboration et al. 2016a). However,
Hipparcos provides complementary coverage that is essen-
tially complete for stars with G < 7 (ESA 1997; F. van
Leeuwen 2007). We therefore search each population for
Hipparcos stars missed by Gaia. We mark any Hipparcos star
as a potential member if its distance to the tenth-nearest
association member in SPYGLASS-IV’s space-transverse
velocity coordinate space (dyp) is less than that of the
member with the greatest djo, following previous SPY-
GLASS publications. We only consider stars without Gaia
astrometry to exclude stars that have already had their
membership assessed.

Across all 16 populations, we identify only 5 credible
additional members in the Hipparcos catalog across 4 of our
associations. Only three stars, Mirzam (G CMa) and HIP
32848 in CMaN and HIP 4285 in SCYA-54, have masses in
the M 2 2M ., range where we see a stellar deficit in Figure 10.
We therefore conclude that there is no evidence of our Gaia-
based sample systematically excluding high-mass stars, and
choose not to apply a broad mass correction. It is possible that
high-mass stars are intrinsically more difficult to detect,
perhaps due to an increased velocity dispersion produced by
the higher binarity rates of high-mass stars (K. Sullivan &
A. L. Kraus 2021). Follow-up work will therefore be necessary
to determine whether some populations truly have mass
distributions that differ from a standard IMF.
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4.2.4. Binaries

Binaries are common, and many of them are unresolved.
Unresolved companions get hidden in the light of the primary,
resulting in mass estimates that most closely reflect the
primary rather than the entire system. We must therefore
correct for the mass contribution of these unresolved
companions.

We estimate the mass contribution from unresolved
companions by applying literature binary statistics to our
detected primaries. We first identify resolved binaries to avoid
double-counting companions when applying binary statistics.
Following SPYGLASS-V, we search a radius of 10* au on-sky
around each star in Gaia. We mark stars with Av; < 3kms™'
and % < 0.2 as in the same stellar system, with the brightest
member marked as the primary, and dimmer members
considered companions. These conditions roughly encapsulate
the full range of expected velocities for stars near Gaia’s
roughly 1”7 separation limit, given typical uncertainties
(A. C. Rizzuto et al. 2018). Unresolved companions move
the photometry of a star largely perpendicular to the PMS,
changing its mass estimate relatively little. For measuring
demographics, probable unresolved binaries with RUWE >1.2
can therefore be treated as if they are system primaries without
substantially increasing the systematic uncertainties in our
association mass estimates.

We follow the methods applied in SPYGLASS-VI to
estimate the mass in binaries, sampling 10* stars from the
G. Chabrier (2005) IMF at random for 0.09 < M < 4M.,
computing the expected mass and number of companions for
each sampled star according to the mean mass ratios from
K. Sullivan & A. L. Kraus (2021) and the companion fractions
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from K. Sullivan & A. L. Kraus (2021) and G. Duchéne &
A. Kraus (2013). The expected binary contribution computed
from this sampling increases the population mass by a factor of
1.23, and increases the number of stars by a factor of 1.39.
These values produce an average correction to the contribution
from binaries for any given stellar primary, including low-
mass stars that we correct for in Section 4.2.2.

4.2.5. Final Population Demographics

Considering our final stellar membership probabilities in
addition to the corrections for binaries and low-mass stars, the
membership contribution that is implied by the presence of a
given star is provided by the following:

“)

where ¢y gy and ¢y, are the number corrections for binaries
and low-mass stars that lack complete Gaia coverage,
respectively. We exclude objects flagged as companions in a
binary or multiple system from this calculation and the mass
calculation, as their demographics are included in the binarity
correction. The corresponding expected mass is provided by

&)

where M, is the stellar mass, ¢y gy is the binarity mass
correction, and ¢y is the corrective factor to account for the
mass of objects below our detection limit. The total population
size Ny and total mass M, are provided by the sums of N, and
M,, respectively, across all system primaries and stars without a
visible companion. We summarize the results in Table 3. The
uncertainties in mass and number are largely systematic, and we
adopt a 10% uncertainty following SPYGLASS-V, which
accounts for the typical variation between literature IMF and
binarity rates (e.g., G. Duchéne & A. Kraus 2013; K. Sullivan &
A. L. Kraus 2021).

The populations in our sample have sizes ranging from 34
members with a total mass of 16.2 M. in TORIB to 306
members with a total mass of 119.4 M, in SCYA-54. Of the 15
top-level populations we provide masses for, 9 have M < 50M .,
and 4 (TOR1B, LeoC, ScuN, and CasE) have M < 30M, (<60
stars), making them smaller than even populations like the
67 member TW Hydrae association (K. L. Luhman 2023).
These associations are therefore among the smallest ever
characterized (J. Gagné & J. K. Faherty 2018).

N, = Py X ¢NBIN X CN,Im

M, = M, X Pf, X Cy,BIN * CM,Im

4.2.6. Virial States

The virial state of stellar populations is often used to
differentiate between young associations and open clusters,
with the latter containing gravitationally bound populations
that may not disperse, potentially skewing the dynamical ages.
Bound stellar populations satisfy oyp < V2 Gyisial, Where op is
the 1D velocity dispersion, and o, is the virial velocity,

which is defined as
( GM, )' &
Ovirial = | ——

Fam™

(6)

where M, is the cluster mass, ry,, is the half-mass-radius, and
7 is a factor related to the mass profile (S. F. Portegies Zwart
et al. 2010). We use the masses computed in Section 4.2.5 for
M., and set n = 5, which is a value consistent with the

18

Kerr et al.

broadest association density profiles (M. A. Kuhn et al. 2019;
N. J. Wright et al. 2024). A small 5 favors high oy, and
therefore more bound states, allowing us to test whether any of
these sparse populations could be bound given the most
favorable assumptions.

We compute ry,,, following SPYGLASS-V, which uses / and
b galactic sky coordinates to avoid larger uncertainties in the
radial direction, and permit the modeling of small-scale
dissolving clusters by fitting a bivariate Gaussian to the stellar
distribution according to a KDE. We convert the result from
sky coordinates to on-sky distance in parsecs, and convert
from 2D to 3D using the J. Wolf et al. (2010) conversion factor
for a Gaussian. We use the total mass of the population as M in
all cases. In populations with a dense core and broad halo, this
assumes that all halo stars were at one point in the core. In the
sparse populations like those we investigate here, these
compact dissolving clusters are often the only plausibly bound
structures (e.g., R. Kerr et al. 2022a; SPYGLASS-II). We
compute op using the clipped transverse velocity anomalies
of stars within ry,,, with Pg, > 0.5 that have no evidence of
binarity. We subsample that data set, selecting half of the stars
at random, compute a 20 clipped median, and then set op and
its uncertainty to the mean and standard deviation of the
results, deconvolved with the average uncertainties.

The virial ratios are defined as oip/(~/2 Gyisia) and recorded
in Table 3. A virial ratio less than 1 is considered bound. We
find that none of these populations are likely bound, although
the virial ratio of the SCYA-54-1 subgroup is with
uncertainties of 1, making it plausibly bound. The dynamical
age of that subgroup is, however, consistent with its isochronal
age, so there is no evidence for this potential boundedness
affecting dispersal.

5. Discussion

Our adopted age measurements use the PARSEC isochronal
models, which produce ages broadly consistent with our
dynamical and lithium depletion age solutions. However, the
uncertainties in the nonisochronal ages, systematic and otherwise,
leave the age scale weakly constrained in absolute terms. In our
stellar model-independent dynamical ages, which have the largest
uncertainties of any method we employ, that uncertainty is
partially intrinsic; however, the initial size of the population also
contributes to the uncertainty, as populations that start out larger
produce larger dynamical age biases (see Section 4.1.2). While
small star-forming clouds may be assumed for some small
associations we cover, the 6.9 + 0.5 Myr old TORIA has
mm = 17.5 pc, the fourth largest in our entire sample. With a
velocity dispersion of oyp = 0.48 pc Myr " and a dynamical age
of only 4.3 & 2.9 Myr, stars in this population would need to be
nearly an order of magnitude older than any estimate of its age
for stellar dispersal to produce its large size, indicating that its
scale is primarily primordial. The existence of such a large
population containing only 79 M, of stellar mass indicates that a
compact initial configuration cannot be relied upon, even in low-
mass associations. This motivates future dynamical studies of
near-newborn (<10Myr) young associations to determine
whether the initial scale correlates with any dynamical or
morphological patterns that persist after formation.

Unlike many recent studies, our dynamical ages lack a clear
offset relative to the isochronal ages, which has previously
been viewed as a gas dispersal timescale (N. Miret-Roig et al.
2024). The PARSEC ages are only 1.6 4+ 2.3 Myr older than
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Table 3
Demographics and Mean Properties of the 16 Associations Covered in This Paper

AssoC* e N® M RA Dec 1 b d Tior Tipee 77, 7 % Rim o1p o Vir. Rat.

Mo) (deg) (deg) (pc) (mas yr~') (kms™" (po) (km s™") val err
AndS 73 37.0 6.4 30.4 116.3 —32.0 169 14.5 -3.1 11.2 -39 8.7 11.1 0.222 0.053 2.9 1.3
AqE 80 33.1 297.5 —8.7 31.7 —16.8 135 8.3 —26.0 —12.6 —12.0 -7.8 12.2 0.245 0.048 3.6 1.8
AriS 70 30.7 43.5 17.6 159.8 -359 142 12.1 -72 9.4 0.5 10.7 18.0 0.782 0.038 14.4 10.5
CasE 53 27.5 32.6 65.6 130.9 4.1 289 10.3 —8.2 16.9 —6.4 —4.2 21.8 0.704 0.033 15.1 9.9
CMaN 191 73.0 102.1 —15.1 226.1 -75 183 —0.1 -53 4.0 —2.1 24.6 8.6 0.209 0.086 1.7 0.5
LeoE 100 51.8 173.5 17.2 238.0 69.5 308 -9.2 -1.5 -53 —12.5 13.6 6.9 0.323 0.08 2.8 1.2
LeoC 43 16.2 157.8 14.5 227.0 55.1 271 —-9.4 -1.9 -33 —11.8 16.8 14.2 0.246 0.031 5.5 1.9
Theia72 273 107.8 102.2 —10.2 221.7 —-52 278 —1.1 —4.5 4.6 -39 28.6 12.0 0.33 0.088 2.7 0.8
Theia72 0 68 26.4 104.6 —12.9 225.3 —44 265 -1.7 —4.1 3.7 —4.2 28.3 5.7 0.255 0.063 2.9 1.1
Theia72 1 100 34.4 101.4 -9.3 220.5 -55 298 -0.9 —4.3 49 -3.8 29.2 7.7 0.289 0.062 33 1.5
Theia72 2 105 47.0 101.4 -9.2 220.4 -55 266 —0.8 —49 5.0 -3.7 28.2 5.3 0.312 0.088 2.5 1.0
OphSE 127 55.0 257.7 —18.4 4.5 12.4 213 -5.1 —11.4 —12.4 —-2.3 —14.7 4.9 0.326 0.098 2.3 1.0
ScuN 60 22.8 278.3 —8.2 23.6 0.3 205 0.3 —18.7 —159 —8.6 -7.5 14.0 0.81 0.037 15.3 6.1
TORI1A 185 79.1 66.4 13.3 182.0 —24.2 311 4.8 -5.7 11.0 0.3 10.8 17.5 0.475 0.062 5.4 1.7
Theia78 120 49.9 80.3 —4.6 206.6 -222 320 0.2 5.2 —6.8 3.9 26.3 11.2 0.309 0.062 35 1.6
TORI1B 34 16.2 66.2 15.5 180.0 —-229 290 3.3 -39 7.1 0.2 21.0 8.2 0.43 0.041 7.3 3.0
VulE 89 36.1 309.2 21.6 64.7 —11.5 297 10.0 -55 1.8 —15.9 -1.7 8.1 0.301 0.062 35 1.3
SCYA-54 306 119.4 16.5 51.4 125.3 —11.4 319 15.5 —-6.9 24.0 -9.0 —8.8 14.4 0.414 0.084 3.5 1.5
SCYA-54 0 177 70.1 14.3 51.5 123.9 —11.3 324 15.2 —6.3 23.6 -9.2 —-9.0 10.3 0.485 0.076 4.5 1.6
SCYA-54 1 129 49.3 19.6 51.2 127.3 —11.4 311 16.0 -7.8 24.6 —8.8 —8.5 6.0 0.216 0.084 1.8 1.0
SCYA-79 310.7 45.1 84.3 1.7 438 3.7 0.2 5.0 -5.8 -59 22.5 0.581
SCYA-79 0 308.8 43.5 82.2 1.8 447 32 —0.2 3.7 —5.8 —4.9 11.6 0.504
SCYA-79 1 312.0 46.2 85.7 1.7 431 4.0 0.5 5.8 -5.8 —6.1 12.7 0.309

Notes. Where regions host substructure, we show both properties for the entire population and the properties of any subgroups.

 Unique choices and properties for specific associations: in CasE, we set stellar membership probabilities below a cut in Figure 6 to zero to exclude an elevated field sequence. TOR1A and TOR1B are components of
the TOR1 association that have velocities inconsistent with common formation. We provide basic position and velocity data for SCYA-79, but do not report population size, mass, or any values deriving from them due
to weak separation with the field.

® For our mass and stellar population measurements, we adopt a 10% systematic uncertainty.
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the dynamical ages on average, and the fact that this value is
positive is in large part driven by the older populations in our
sample, where PARSEC ages are more consistently older.
However, older populations require more precise measure-
ments to achieve the same traceback accuracy at formation,
and as such, they are more vulnerable to poor velocity
measurements, which produce near-zero times of the closest
approach and bias the dynamical age as young. While we use
cuts to mitigate this issue in Section 4.1.2, it is difficult to
remove all bad stars, especially in older populations with less
complete data sets. This may explain the lower dynamical ages
relative to PARSEC among older populations without the need
for any systematic offset. The dynamical age bias corrections
inspired by D. Couture et al. (2023) are of a similar order
to the offset between the dynamical and adopted ages
in SPYGLASS-II, suggesting that the offset computed there
arose from a lack of this correction. However, more robust
offsets have been presented in more massive populations like
Upper Sco (N. Miret-Roig et al. 2024), suggesting that our
low-mass populations either were never globally bound or
became unbound during the star formation process.

Some lithium depletion ages have small uncertainties, but
they are highly sensitive to outliers, especially in populations
with less complete coverage. This, combined with the
uncertain dynamical ages, means that age inaccuracies of an
order of 20% or larger cannot be ruled out. This motivates
future efforts to better anchor the absolute age scale across a
wide range of young stellar associations, such as using the
LDB. The LDB is produced by the rapid onset of Li burning in
fully convective stars, where nearly all Li is exhausted almost
immediately after the onset of lithium burning in the core.
More massive stars reach the necessary temperature for Li
burning earlier in their evolution, resulting in high Li
abundances below the boundary, and low Li abundances
above it. The LDB mass at a given age has little dependence
on the initial Li abundance and is consistent across different
models, making the LDB a gold standard for association ages
(M. L. Wood et al. 2023). However, there remain relatively
few LDB ages in the solar neighborhood (A. S. Binks &
R. D. Jeffries 2014; A. S. Binks et al. 2021; D. Couture et al.
2023), due to the need for medium to high-resolution spectra
of dim stars. It is therefore impractical to compute LDB ages
for all associations; however, new LDB ages can anchor the
isochronal ages, either by rescaling the isochronal results to
align with the LDB age scale or by comparing the CMD of a
new population to that of populations with robust LDB ages.
A. Rottensteiner & S. Meingast (2024) produced a suite of new
empirical isochrones that can be used for this latter purpose;
however, the ages used in that work are largely based on the
same PARSEC isochrones that we consider here. The
combination of empirical isochrones like these with reliable
LDB ages could be a powerful tool for age measurement.

Most of our populations show an underabundance of stars
more massive than 2-4 M. While a bottom-heavy IMF may
exist in these low-mass associations, Gaia surveys of several
much more massive populations show a similar pattern. This
may indicate that high-mass stars are more difficult to assign to
parent associations, likely due to the high binarity rate that
often introduces large orbital velocities (K. Sullivan &
A. L. Kraus 2021). We therefore cannot rule out the presence
of high-mass stars excluded by this survey. These stars may
have a significant effect on boundedness, especially in small
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populations like TOR1B, which is less massive than many
individual stars like Mirzam, a CMaN candidate member
(L. Fossati et al. 2015). A survey for missing high-mass stars
will be necessary to confirm our total population masses and
determine whether our populations follow a standard
E. E. Salpeter (1955) IMF in the high-mass regime.

Many questions remain about the origins of these popula-
tions, such as whether they truly form in isolation, or out of
leftover material from larger star-forming events. We address
these issues in our companion paper, SPYGLASS-VII-B,
where we trace all associations back to their site at formation,
identify conatal structures that affect the formation environ-
ment, and search for small-scale dynamical patterns that
connect to features seen in simulations.

6. Conclusion

We have produced the first demographic overview of 15
young associations identified in SPYGLASS-IV. Using Gaia
photometry and astrometry alongside ground-based spectra,
we have detected new substructure, and calculated their stellar
masses and virial states. We have also produced accurate, self-
consistent ages that are supported by isochrones, lithium
depletion, and dynamics. Our key findings can be summarized
as follows:

1. The stellar masses in these associations range from
16.2 M, to 119.4 M, and the stellar populations range
from 34 to 306 members. This makes these associations
among the smallest ever discovered, especially among
populations with no clear connection to a larger
association.

2. Theia 72, SCYA-54, SCYA-79, and TOR1 all show
detectable substructure. We find that the velocities of
TORI’s substructures are inconsistent with a common
formation site, leading to the discovery of a new
dynamically distinct low-mass association, TORIB,
which is distinct from the TORIA association that
contains most stars originally assigned to TOR1.

3. We find that the PARSEC isochronal ages produce an
age sequence consistent with the lithium depletion and
dynamical ages. These ages range from 6.9 4+ 0.5 Myr in
TORI1A to 42.8 £ 2.4 Myr in AndS.

4. We do not observe a systematic offset between the
isochronal and dynamical ages, suggesting that these
populations either were never globally bound or became
unbound while they were actively forming.

These results provide the first in-depth look at this emerging
demographic of low-mass populations, and follow-up work is
underway to better understand their dynamics and relationship
to larger young associations. Future work should further test
our age results with LDB measurements, which will better
anchor the absolute scaling of the PARSEC ages we have used
in this work.
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