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Abstract

We present a catalog of ~10,000 resolved triple star systems within 500 pc of the Sun, constructed using Gaia data.
The triples include main-sequence, red giant, and white dwarf components spanning separations of 10-50,000 au. A
well-characterized selection function allows us to constrain intrinsic demographics of the triple star population. We
find that (a) all systems are compatible with being hierarchical and dynamically stable; (b) mutual orbital
inclinations are isotropic for wide triples but show modest alignment as the systems become more compact; (c)
primary masses follow a Kroupa initial mass function weighted by the triple fraction; (d) inner binary orbital
periods, eccentricities, and mass ratios mirror those of isolated binaries, including a pronounced twin excess (mass
ratios greater than 0.95) out to separations of 1000+ au, suggesting a common formation pathway; (e) tertiary mass
ratios follow a power-law distribution with slope —1.4; (f) tertiary orbits are consistent with a log-normal period
distribution and thermal eccentricities, subject to dynamical stability. Informed by these observations, we develop a
publicly available prescription for generating mock triple star populations. Finally, we estimate the catalog’s
completeness and infer the intrinsic triple fraction, which rises steadily with primary mass: from 5% at <0.5 M, to
35% at 2 M,. The public catalog provides a robust testbed for models of triple star formation and evolution.

Unified Astronomy Thesaurus concepts: Three-body problem (1695); Binary stars (154); Stellar evolution (1599);

Star formation (1569); Trinary stars (1714)

1. Introduction

Most stars both form and live out their main-sequence lives
with at least one stellar companion. The companion fraction of
stars increases with their mass, where ~50% of solar-type stars
and ~100% of massive stars reside in binaries or higher-order
multiples (Duquennoy & Mayor 1991; Raghavan et al. 2010;
Moe & Di Stefano 2017). However, multiple star systems are
born inside dusty star-forming regions, making direct observa-
tions challenging (Offner et al. 2023). Their formation
involves several complex physical processes—such as turbu-
lent fragmentation, disk fragmentation, migration, and dyna-
mical interactions—each operating across a range of spatial
and temporal scales (e.g., Offner et al. 2010; Bate 2012;
Kratter & Lodato 2016; Lee et al. 2019; Offner et al. 2023).
These early formation processes leave lasting imprints on the
architectures of multiple star systems, shaping their mass
distributions, orbital configurations, and multiplicity (see
Tokovinin 2021; Offner et al. 2023, for recent reviews). As
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such, studying the present-day population of stellar multiples
offers a valuable and accessible window into their formation
and subsequent evolution.

A major challenge in studying multiple star populations lies
in assembling large, statistically robust samples with character-
ized selection biases. Previous efforts have made significant
progress by combining high-resolution imaging, radial velocity
monitoring, and astrometry to create surveys of hierarchical
multiples (e.g., Duquennoy & Mayor 1991; Tokovinin 1997;
Tokovinin et al. 2006, 2008, 2014a, 2014b, 2022, 2023;
Raghavan et al. 2010; Duchéne & Kraus 2013; Borkovits et al.
2016; Moe & Di Stefano 2017; Winters et al. 2019). While
combining multiple detection techniques improves sensitivity to
a wider range of periods and masses, it also produces
heterogeneous selection functions that are difficult to quantify.
Some studies addressed this by constructing volume-limited
samples with relatively high completeness (e.g., Raghavan
et al. 2010; Tokovinin 2014a, 2022; Moe & Di Stefano 2017;
Winters et al. 2019), but the samples remain modest in size,
especially for triples and higher-order multiples.

Gaia has opened a new era for studying stellar multiplicity.
Its precise astrometry, uniform all-sky coverage, and well-
characterized selection function enable systematic surveys of
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multiple star systems at an unprecedented scale (Gaia
Collaboration et al. 2016). Early studies used Gaia DR2 and
DR3 astrometry to produce large catalogs of wide binaries in
the solar neighborhood (e.g., Andrews et al. 2017; El-Badry &
Rix 2018; Hartman & Lépine 2020; Tian et al. 2020; El-Badry
et al. 2021; El-Badry 2024, see latter for a review on Gaia
binaries). Immediately, these statistical catalogs revealed new
discoveries about binary orbital periods (e.g., El-Badry &
Rix 2018), mass ratios (e.g., El-Badry et al. 2019),
metallicities (e.g., El-Badry & Rix 2019; Hwang et al. 2021;
Niu et al. 2022), and eccentricities (e.g., Hamilton 2022;
Hwang et al. 2022b). However, in focusing on binaries, most
of these studies explicitly removed triples from their samples
to ensure clean selection. As a result, triple and higher-order
multiples remain comparatively underexplored with Gaia,
despite their critical role in stellar dynamics and evolution.
Recent efforts have begun to fill this gap. Specifically,
Tokovinin (2022) presents a sample of resolved triples within
100 pc, and Tokovinin (2023) used Gaia diagnostics to infer
unresolved subsystems in binaries. Nevertheless, these sam-
ples remain modest in size. Furthermore, a major limitation in
these studies is the difficulty of distinguishing true gravita-
tionally bound systems from chance alignments and moving
groups, particularly for wide pairs where contamination
becomes significant. In this work, we use Gaia data to create
a large catalog of resolved triples with a focus on high purity.

Beyond probing star formation, triple systems offer a
laboratory for studying secular dynamics coupled to stellar
evolution. One key dynamical phenomenon among hierarch-
ical triples is the eccentric Kozai—Lidov (EKL) mechanism,
whereby the tertiary star torques the more compact inner
binary, driving periodic oscillations in its eccentricity and
inclination (von Zeipel 1910; Kozai 1962; Lidov 1962;
Naoz 2016, see latter for a review). Through the interplay of
EKL dynamics and stellar evolution, triple stellar evolution
serves as a key formation channel for a broad range of
astrophysical phenomena in the Galaxy (Perets 2025), includ-
ing short-period contact binaries (e.g., Tokovinin et al. 2006;
Fabrycky & Tremaine 2007; Naoz & Fabrycky 2014; Laos
et al. 2020), cataclysmic variables (Knigge et al. 2022; Shariat
et al. 2025a), stellar mergers with a white dwarf component
(Perets & Kratter 2012; Naoz & Fabrycky 2014; Toonen et al.
2020, 2022; Hamers et al. 2022; Heintz et al. 2022, 2024,
Kummer et al. 2023; Shariat et al. 2023, 2025c), blue
stragglers (Perets & Fabrycky 2009; Naoz & Fabrycky 2014;
Gao et al. 2023; Leiner et al. 2025; Shariat et al. 2025¢), and
X-ray binaries (Naoz et al. 2016; Shariat et al. 2025b). Large,
statistically robust samples of triple star systems are essential
for testing and refining these dynamical formation pathways.

In this paper, we construct a catalog of ~10,000 resolved
triple star systems from Gaia, with a homogeneous selection
function. We use this catalog as an observational anchor to
calibrate models of triple star evolution and to understand the
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role of triples in Galactic stellar populations. The remainder of
the paper is structured as follows. In Section 2, we describe our
method of constructing the catalog from Gaia astrometry.
Section 3 outlines basic properties of the triple population.
Section 4 presents our main analysis, where we examine the
origin of triple masses (Section 4.1), orbital separations
(Section 4.2), and eccentricities (Section 4.3). In Section 4.4,
we build on these results to develop an observationally
motivated prescription for sampling triple parameters. In
Section 5, we place our results in the context of previous
triple catalogs and highlight notable systems, including
exoplanet-hosting triples. Finally, we conclude in Section 6
with a summary of our main conclusions. Additional details
about the data and modeling are discussed in Appendices A, B,
C, D, E, F, G, and extra catalogs of higher-order multiples (4
or more stars) are provided in Appendices H and I.

2. Constructing the Catalog

Using Gaia data, we construct a catalog of resolved triple star
systems by extending the approach developed for wide binaries
in El-Badry et al. (2021) to identify triples. Their original wide
binary catalog filters out higher-order multiples by removing
sources that matched with two different companions. Here, we
relax this constraint to include systems with three or more stars.
We summarize our selection process below.

First, we query Gaia for all sources within 500 pc
(parallax >?2mas) that have well-measured parallaxes, proper
motion, and G magnitude measurements. Specifically, we require that
parallax_over_error >5, parallax_error < 2mas, and
a phot_g_mean_mag is measured for the source. These
requirements are identical to the initial query from El-Badry
et al. (2021), except for our distance cut, which is smaller than
their cut of 1000 pc. We adopt a distance cut of 500 pc because
beyond this distance, Gaia is only sensitive to inner binaries
wider than ~500 au, which is a vanishingly small subset of the
triple population. Moreover, wider inner binaries are accom-
panied by even wider tertiaries, increasing the fraction of chance
alignments. The ADQL query for our initial Gaia selection is:

1 | SELECT =*
> | FROM
] gaiadr3.gaia_source
WHERE

parallax > 2 AND
6 parallax_over_error > 5 AND
7 parallax_error < 2 AND
8 phot_g_mean_mag is not null

This Gaia search yields 23,525,994 sources, which entails
N(N — )(N — 2)/6 ~ 2 x 10*' possible triple combinations
and NN — 1)/2 =~ 2 x 10'* binary combinations. Using a



Publications of the Astronomical Society of the Pacific, 137:094201 (30pp), 2025 September

nearest neighbors search, we identify nearby stars within 1 pc
of one another:

O < 206265 x = (1)

arcsec mas

Here, 6 is the angular separation between two sources and @
is the measured parallax. Beyond 1 pc, most binaries would
have already been disrupted due to Galactic tides and/or
flybys (e.g., Binney & Tremaine 2008; Kaib & Ray-
mond 2014), so most pairs would be spurious. We further
filter these initial companion candidates, keeping only those
that share a parallax and proper motion within uncertainties.
The parallax cut is

o) — @l < l’lﬁO',zx,’l + 0_”2;”2’ (2)

where o ; is the uncertainty in parallax of the ith component
(i=1 or 2) in the pair. Following El-Badry et al. (2021) we
choose n =13 for pairs with § > 4” and n =6 for pairs with
0 < 4". Choosing a looser cut at < 4” reflects the fact that the
chance alignment probability there is low and the true error in
parallax will be systematically underestimated at closer
angular separations due to blending.

We further require that the proper motion (y;) of any two
sources be consistent with a bound Keplerian orbit within 20.
Thereby, for a given proper motion difference (Ap) and its
corresponding uncertainty (o,,) we require that

A/J’ - AMorbit < 2UA#’ 3)

where Aoy 1S the maximum proper motion difference
expected due to purely orbital motion. We calculate Ay and
o, from the reported Gaia astrometry with

Ap= TG 1= 1527 + (s, 1 — s, 27172, (@)

and

1
OAp ,LL\/(U#* + U#*

a,l a,

DA+ 05+ T A, )

where Apl = G, — 4 ,)* and Apg = (5, — p5p)% and
l‘j; = 1, ;c0s 6; and (i, ; (s,) is the component of the proper
motion in the R.A. (decl.) direction. The maximum proper
motion difference expected for a circular orbit of total mass

5 M., is (El-Badry & Rix 2018)
Aty = 0.44 mas yr~!

3/2 ~1/2
) ) @
mas arcsec

which we adopt as the conservative upper limit for Ap. Since
most systems in our sample have total masses below 5 M., this
cut is safely inclusive. Moreover, it allows more massive
systems to enter the sample because it assumes the limit where
maximal orbital motion is fully projected into the plane of the
sky and provides a 20 buffer. This filter also removes a
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majority of unresolved pairs, which generally have larger
orbital velocities and therefore larger proper motion differ-
ences. Moreover, this cut can also exclude some resolved
triples, particularly when the inner binary is close and its high
orbital motion skews the proper motions of both components.
In such cases, the tertiary may appear to have a large proper
motion difference from both inner stars, causing it to fail the
consistency check. This introduces a bias against compact
inner binaries with wide tertiaries, and should be considered
when using this catalog. We discuss this further in the
following section.

We exclude sources in crowded regions and clusters
following the method of El-Badry et al. (2021), which we
summarize here. For each source, we count the number of
neighboring stars within 5 pc that (i) are brighter than G = 18,
(ii) have proper motions within 5kms~' at the 20 level, and
(iii) have parallaxes consistent within 2. Sources with more
than 30 such neighbors are removed, effectively eliminating
those in dense environments like clusters and moving groups.

To further exclude stars in moving groups and open clusters,
we count the number of nearby astrometric companions per
source. We reject candidates with more than 4 such
companions, allowing for multiple star systems (i.e., two or
three resolved companions) but removing most dense co-
moving groups/clusters.

After the above cuts, our sample of candidate pairs reduces
to 938, 127 pairs, of which 103, 598 (11%) contain duplicate
sources (i.e., one source is matched to more than one
companion). At this stage, El-Badry et al. (2021) filter out
duplicates to generate their sample of wide binaries. Here, we
exclusively focus on these duplicate matches since they are
initial candidates for triple and higher-order multiplicity
systems. Before identifying the multiple systems among our
large sample of paired stars, we first filter out chance
alignments between the pairs.

2.1. Chance Alignment Probability

Sources are chance alignments if they share a similar proper
motion and parallax but are not gravitationally bound. In
principle, identifying false matches is challenging, but
methods of reliably quantifying chance alignment probabilities
have been developed and tested. We follow the formulation of
El-Badry et al. (2021), where we appoint the R_chance_a-
lign (R) parameter as an estimate of the chance alignment
probability for a given pair.

For each candidate pair among our initial sample, we
calculate R by applying the Kernel Density Estimate (KDE)
described in the Appendix of El-Badry et al. (2021). This KDE
uses the (1) angular separation, (2) distance, (3) parallax
difference uncertainty, (4) local sky density, (5) tangential
velocity, (6) parallax difference over error, and (7) proper
motion difference over error to derive R. The local sky density



Publications of the Astronomical Society of the Pacific, 137:094201 (30pp), 2025 September

is estimated by X;g, which represents the number of sources
per square degree that both (1) pass the cuts of our initial query
and (2) are brighter than G = 18. The KDE acts on a shifted
catalog, which is the same as the initial catalog with all sources
shifted in declination. Any pairs found in the shifted catalog
are, by construction, chance alignments. To decrease Poisson
noise, we produce 15 different realizations of the shifted
chance alignment catalog, with each one shifting the declina-
tion of stars by a random amount U(—0.5, 0.5) degrees. In 500
pc sample, the source density does vary significantly on
~<0.5 scales, so the shifted catalogs preserve chance
alignment statistics while ensuring that all matched pairs are
purely spurious. These realizations are combined during the
KDE calculation, and the final density is divided by 15 to
reflect the number of samples. In this KDE space, a given
7-dimensional vector x will have a KDE-estimated density of
chance alignments given by Mance alignments(X) and a total
number of potential binary candidates given by MNandidates)-
Thereby, R is defined by

J\/chance alignments (x )

R =
Mandidates (x )

@)

Note that the above definition allows for R > 1, meaning that
it is not strictly a probability. However, as El-Badry et al.
(2021) showed, R tracks the true chance alignment probability
closely (see also Appendix A).

Now that each of the 938, 127 pairs has a designated R
value, we search for triples among them. Qualitatively, we
identify a triple as two or more pairs that share a common star.
For example, take three stars A, B, and C. If we find three
pairs, A-B, A-C, and B-C, then ABC makes a triple. This is
the case for most triples. In some cases, we find A-—B and A-C,
from which we infer the B—C pair, for example. The missing
pairs have consistent proper motions and parallaxes with their
companions but are missed in our search because their
observed proper motion difference exceeds the Ao
threshold. This excess is caused by additional orbital motion
from the third star in the system, which biases the pair’s
apparent relative motion (see Appendix B).

To perform the triple search efficiently among the
~1 million pairs, we use a graph method. Pairs are represented
as an undirected graph, where each node corresponds to a
unique Gaia source, and each edge represents a binary
connection between two stars. Edges store metadata of the
binary, such as physical separation and chance alignment
probability, and the nodes store the Gaia parameters for a
given source. We then extract all connected components of
size exactly N=3, each of which represents a candidate
resolved triple system. The search yields 37,494 candidate
triple star systems, without any duplicates (i.e., one source in
more than one triple). The same process can be used to identify
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resolved hierarchies with higher multiplicity. For example, an
N =4 search reveals 3175 yields quadruple candidates.

Among the triple candidates, there exist at least two pairs,
each of which has a R statistic associated with it. We take a
conservative approach and choose the largest R between the
pairs in the triple to represent the single Ryipe of the entire
triple. Namely, Ryiple = max{R;}, where i, j € (1, 2, 3) are
sub-pairs in the triple. Then, we only consider real triples as
those with Ripe < 0.1: i.e., less than a 10% probability of
being a chance alignment. In Appendix A we test whether
R uipte can be interpreted as a chance alignment probability for
the entire triple system. By performing a triple search among
the shifted source catalog, we create a sample of purely
spurious triples. As we show in Figure 13, our definition of
Ruiple indeed closely matches the intrinsic chance alignment
probability.

After applying a cut of Rple < 0.1, we retain 9767 triples,
with a median chance alignment probability of 0.001. Based
on the Ryjpe distribution, we estimate that ~99% of the
remaining triples are truly gravitationally bound, indicating a
high purity in our sample. There are also 12142 triples with
Ruiple < 0.5. Our search also yields 314 resolved quadruples
with R_chance_align < 0.1. These systems are not
explored further here.

For the purposes of this study, we focus on the high-purity triple
sample, consisting of 9767 confidently bound systems within the
500 pc search volume. Our method of filtering out chance
alignments is strict and meant to create a sample with low
contamination. However, our strict cuts exclude a fraction of
physically bound triples as well. Weaker cuts on Rip. would
yield a larger number of real triples but also introduce more
chance alignments (e.g., Figure 13). For completeness, we publish
the full catalog of 37494 triple candidates with reported R yriple for
each system, but we advise users of the catalog to think carefully
about the effects of unrecognized chance alignments, and to use
Ruiple < 0.1 by default if they have not done so.

In Figure 1 we show PanSTARRS gri images of example
resolved triples in our sample. We show the proper motion vectors
for all sources (red) and for the three stars in the triple (blue). This
Figure contains examples of visually hierarchical triples in the left
column. The top left contains one white dwarf in the inner binary,
while the bottom left is a newly identified triple white dwarf
system (described further in Section 3.1). In the right two panels,
we show examples of visually non-hierarchical triples; the top
right triple also contains one WD component.

3. Properties of Resolved Triples

In this section, we outline basic properties of our resolved
triples sample. We reference the three stars in a given triple
through the following scheme. The two closer stars form the
“inner binary” of the triple, and among them, the “Primary” is
the brighter component (in the Gaia G band) and “Secondary”
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Figure 1. Images of resolved triples with proper motion vectors. The images show proper motion arrows atop PanSTARRs gri images for all Gaia sources in the
image. The triple has blue proper motion vectors, while the stars unassociated with the triple have red proper motion arrows. The Gaia DR3 source id for the primary
star is displayed above each image. Left: Visually hierarchical triples where the bottom system contains three white dwarfs and the top system contains one white
dwarf component in the inner binary. Right: Visually non-hierarchical triples, where the ratio between their projected separations is less than 2. The top system
contains a white dwarf, whereas the bottom system has three main-sequence components. Such non-hierarchical systems are rare in our sample and likely result from

projection effects, but we show them here for illustration purposes.

is the fainter one. Then, the third, more distant star is denoted
as the “Tertiary Star.” Note that, due to projection effects, the
star with the largest apparent separation is not always the true
tertiary. However, such misidentifications will be exceedingly
rare in a statistical sample.

3.1. Demographics of the Sample

Figure 2 presents various basic properties of the resolved
triple sample. In the top row, from left to right, we show the on-

sky positions of all triples, the distribution of separations for the
100 pc sample, and the distribution of separation ratios between
the outer and inner components. The leftmost plot illustrates that
the local triples are found all over the sky, with overdensities
corresponding to the Galactic plane. The dearth of stars near (R.
A., decl.) = (250°, —25°) is an artifact of Gaia’s scanning law.
The middle plot displays the projected separations of the inner
and outer components for the triples within 100pc. In
hierarchical triples, the two relevant orbital separations are the
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Figure 2. Basic properties of the resolved triples sample. Top: From left to right, we show the on-sky positions of all triples, the distribution of separations for the
100 pc sample (inner s, in blue, outer s, in red), and the histogram of separation ratios between the outer and inner components. In the middle column of this row, we
also plot the 100 pc wide binary separations for comparison. In the right column, we include the 100 pc distribution in blue and show the threshold for dynamical
stability (s»/s; = 2.8) in green. Triples with s,/s; < 2.8 are unstable in projection, though most, if not all, are due to projection effects. Middle: HR diagrams for all
three stars in the triple. Most systems between the white dwarf and main-sequence tracks are due to BP/RP color blending. Bottom: Mass distributions for all main-
sequence stars in triples. M (M,) is the mass of the brighter (fainter) star in the inner binary, and Mj is the tertiary’s mass.

inner binary separation (s;) and outer binary separation (s,); the
latter is between the center of mass of the inner binary and the
tertiary. The blue (red) curve here plots the s, (s,). For
comparison, we also plot the separation distribution of 100 pc
wide binaries (El-Badry et al. 2021), shown by the gray
histogram. Choosing the 100 pc subsample minimizes selection
biases while retaining a sizable sample (~700 triples), such that
the displayed distribution roughly reflects the intrinsic triple
distribution for (s ~ >100 au).

The inner separation distribution has a mean of logs; = 2.4
(234 au) and standard deviation 0j,e5, = 0.4 dex. The outer
separation distribution has logs, = 3.6 (4000 au) and standard
deviation oy,4 5, = 0.5 dex. Note that, at least for the inner binary,
the mean separation and sigma are mostly set by the Gaia angular
resolution, not the intrinsic distributions. For a detailed
discussion on the origin of triple separations, see Section 4.2.

The top right plot in Figure 2 shows the ratio of outer to
inner projected separations (s,/s;) in triples. The black curve
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represents all triples in our 500 pc sample, and the blue curve
shows the 100 pc sample only. In the latter volume-limited
sample, the separation ratio has a mean of log(sy/s;) = 1.2,
corresponding to s,/s; ~ 15. Here we also draw a line marking
s3/s1 = 2.8 to demonstrate that some visually unstable triples
exist. As we will later show in Section 4.2, all of these systems
are consistent with being intrinsically stable (a,/a; > 2.8) but
have small s,/s; when projected in the plane of the sky.

In the middle row of Figure 2, we show the Gaia color—
magnitude diagrams for all triple components. The primary
(secondary) star is defined as the brighter (fainter) source in
the inner binary, and the tertiary is the more distant third
object. Most stars lie on the main sequence, with a few
hundred falling on the white dwarf (WD) or red giant (RG)
tracks. Some sources fall between the white dwarf and main
sequence tracks, often because their photometry is blended
with that of their close companions. However, a subset of the
sources between the WD and MS tracks have well-measured
photometry and are separated from their companion (6 > 5”),
making them potential candidates for unresolved WDMS or
higher order multiples. Note that sources without a measured
bp_rp color are not included in these plots.

In the bottom row of Figure 2, we plot the mass distributions
for stars on the main-sequence (MS). The masses correspond
to the primary (M), secondary (M), and tertiary (M3) stars as
defined above. Masses are derived using the absolute G
magnitude, Ms. From the empirical table of Pecaut &
Mamajek (2013),* we create a linearly-interpolated grid of
masses and Mg, and for each of the MS stars in our triple
sample, we map their Mg to a stellar mass. While this method
is imperfect, it generally provides a reasonable estimate within
0.1 M. Note that for unresolved pairs, this calculated mass
will be overestimated.

Primary masses are weighted towards larger masses than a
simple Kroupa IMF since the triple fraction increases with
primary mass (e.g., Offner et al. 2023). As we demonstrate in
later sections, this distribution can be reproduced by convol-
ving the Kroupa IMF with the triple fraction (Section 4.1). The
largest M in our triple sample is 5.1 M, and among all triples,
the median M, is 0.8 M.

All triples in our sample have measured G magnitudes by
the initial Gaia query, but 39, 4320, and 101 of the primaries,
secondaries, and tertiaries, respectively, do not have a bp_rp
color. For these systems, we still provide a mass estimate in
the public catalog using their Mg measurements, assuming that
most would lie on the main-sequence (MS). While the majority
will indeed be MS stars, we caution that these estimates will be
unreliable for white dwarfs and giants since Gaia photometry
alone cannot confirm their MS status. Other photometric
surveys (e.g., PanSTARRs) could help disentangle these MS

* hutps: //www.pas.rochester.edu/~emamajek /EEM_dwarf_UBVIJHK_

colors_Teff.txt
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status of these sources. All mass-related analyses in this paper
consider only MSMS-MS triples, where mass measurements
are reliable for all three stars. Requiring bp_rp colors for all
components excludes nearly half the sample. However, this
has minimal impact on our conclusions because our choice of
the Gaia resolvability criteria accounts for our requirement of a
reported bp_rp (El-Badry 2024). Including all sources in our
sample and using the looser resolvability criteria (“no cuts”
from El-Badry 2024) does not change our results.

Following El-Badry & Rix (2018) and El-Badry et al.
(2021), we categorize our triples into broad stellar types based
on their CMD position. WDs are defined as objects with
Mg > 3.25(Ggp — Ggrp) + 9.625 while anything above this
line on the CMD is classified as “MS.” Note that the “MS” cut
is only meant to separate WDs with non-WDs, so those
classified as “MS” include unresolved binaries/multiples, red
giants, and brown dwarfs. Red giants can be selected easily
using additional CMD cuts, but we do not apply them here to
avoid having too many categories of triples. Moreover, some
sources near the boundary of this cutoff could be WDs or
unresolved WDWD binaries. For sources without a measured
bp rp color, we denote the stellar type by “??.” We define the
triple type as the combination of the three stars” types, where,
for example, a “WDMS-MS” triple has a WDMS inner binary
with an MS tertiary. Note that the type of the inner binary does
not necessarily list the brighter component first. In the
published catalog, we include the individual star types along
with the triple types. We show the various categories of triple
stellar types in Table 1.

From Table 1 we find that our sample contains an array of
different triples, with both “WD” and “MS” components.
About half of the triples have three main-sequence compo-
nents, and 216 (2.5%) have at least one WD component.
Nearly half of the triples have one component without a
measured bp_rp color in Gaia, mostly due to nearby
companions that obstruct precise bp_rp photometry measure-
ments. However, the stellar types for most of these sources can
be distinguished using other photometric surveys, such as Pan-
STARRs, which we do not pursue in this work.

3.1.1. Triple White Dwarfs

White dwarf triples offer an opportunity to study the
outcomes of long-term triple dynamics with mass loss and
stellar evolution, some of which may even be progenitors of
double degenerate Type Ia supernovae (e.g., Katz &
Dong 2012; Toonen et al. 2018; Shariat et al. 2023). Two of
the high-confidence (Ryiple < 0.1) sources are triple white
dwarfs. The primary stars in these three systems are Gaia DR3
261249666477351552 and Gaia DR3 4190499986125543168.

The first system is a newly identified resolved WD triple
where all three stars lie on the bottom of the WD branch on the
Gaia CMD. The inner binary projected separation is 170 au,
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Table 1
Classification of Stellar Triples

Classification Nr<o. Nr<os Nan candidates
MSMS-MS 4704 6065 24279
MS??-MS 4696 5617 10778
WDMS-MS 137 181 793
MS?7-7? 79 84 246
MSMS-7? 44 60 601
MSMS-WD 30 44 451
MS??-WD 22 28 125
7777-MS 19 20 60
WD??-MS 15 17 38
WDWD-MS 15 19 52
WDMS-WD 3 3 33
WDWD-WD 2 2 11
7777-7? 1 2 4
Total 9767 12142 37471

Note. Each star in the triple is classified as “MS” or “WD” depending on whether
they fall above or below the cutoff of Mg = 3.25(Ggp — Ggrp) + 9.625. “?7”
indicates that the source has no measured color in Gaia DR3. The first set of
classification denotes the stellar type of the inner binary, and the text after “-” is
the tertiary stellar type. R represents the R_chance_align parameter.

and the tertiary is 6500 au away from the inner binary. The
components are Gaia DR3 261249666477351552, 26124967
0772776832, and 261249636413169920.> A Pan-STARRS image
of this system with displayed proper motion vectors is presented in
the bottom left of Figure 1.

The other resolved triple WD in our sample (with primary
component 4190499986125543168) was previously identified
with Gaia DR2 (Perpinya-Valles et al. 2019). This system
contains three WDs, each with mass ~0.6 M., and inner
(outer) separation of 303 (6400)au (Perpinyd-Valles et al.
2019). The inner (outer) separation we derive from Gaia DR3
is 301 au (6102 au), which is not too different from the DR2
measurements.

Other WD triples with smaller angular separations likely
exist in our catalog but lack bp_rp colors due to nearby
companions. These systems could potentially be identified by
cross-matching with other photometric surveys. Unresolved
double white dwarfs also likely exist among the resolved
triples, as hinted by systems directly above the WD track
(Figure 2).

3.2. Twin Excess in Wide Triples

An intriguing aspect of binary mass ratios is the observed
excess of near-equal-mass (0.95 < ¢ < 1) “twin” binaries.

5 Heintz et al. (2022) previously identified this system as a candidate triple
but excluded it from their final sample due to one component being classified
as spurious. In contrast, our analysis confirms that all three components are
physically associated, with a chance alignment probability of 4.7 x 10~*.
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Early studies suggest that the fraction of twins is strong in
populations of close binaries (a~ <0.2au; Lucy &
Ricco 1979; Tokovinin 2000; Kounkel et al. 2019) and tends
to decrease with binary separation (e.g., Tokovinin 2014b;
Moe & Di Stefano 2017). El-Badry et al. (2019) show that a
statistically robust twin excess is observed at separations of
~1000+ au.

The physical origin of this twin excess remains debated. For
binaries that form closer than s ~ 200 au, accretion from a
shared gas reservoir among protostars tends to cause an excess
of mass ratios near unity (e.g., Kroupa 1995a, 1995b; Bate &
Bonnell 1997; Bate 2000; Tokovinin 2000; White &
Ghez 2001; Ochi et al. 2005; Marks & Kroupa 2011; Young
& Clarke 2015). This “competitive” accretion model applies to
binaries that co-evolve in a shared gas reservoir during their
early stages, such as a circumbinary disk with typical length
scales less than ~100 au. The observed presence of a twin
excess at s ~ >1000 au (El-Badry et al. 2019), therefore,
might suggest that these systems formed at close or
intermediate separations and have since dynamically widened
to their present-day separations (e.g., Kouwenhoven et al.
2010; El-Badry et al. 2019; Hwang et al. 2022a). Turbulent
fragmentation in molecular clouds may also preferentially
produce equal-mass binaries (Tobin et al. 2016; Guszejnov
et al. 2017), which can generally operate on >1000 au scales.

As previous studies have shown, the presence of a twin
excess offers a valuable probe of early star formation
processes. Compared to binaries, the formation of triple
systems is less well studied and involves additional complexity
due to the increased multiplicity and dynamical evolution.
Leveraging our large sample of resolved triples, we investigate
whether a twin excess is present among any pair of
components in our triple sample, how it depends on separation,
and what it reveals about the formation mechanisms of
multiple star systems.

Since all stars in a given triple system have roughly the same
distance and interstellar dust absorption, near-equal mass main-
sequence stars (i.e., twins) will exhibit nearly equal apparent G
magnitudes. Therefore, a twin pair can be identified by systems
with |G, — G»| ~ 0. In Figure 3, we plot the difference in the
apparent G magnitudes (AG) between all of the pairs in the
triple. This includes the apparent brightness difference between
the two stars in the inner binary (G; — G, left column), the
inner primary and the tertiary (G; — Gz, middle column), and
the inner secondary with the tertiary (G, — Gg, right column).
Here “1” and “2” refer to the brighter and fainter star in the
inner binary, while “3” refers to the tertiary star.

The top panel of Figure 3 shows the distribution of AG in
triples (black curve) and compares them to wide binaries (gray
distribution). The wide binaries plotted here are a subset of the
500 pc wide binary sample that have the same separations and
distances as the triple inner binaries in our sample
(Appendix D). With shared separations and distances, both
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Figure 3. Apparent twin excess in triple inner binaries. We show the difference in apparent G magnitudes between components in resolved triples. From left to right,
the columns show the AG between the inner two stars, inner primary (1) and the tertiary (3), and inner secondary (2) and the tertiary. Top: The distribution of AG
between triple components for all resolved triples (black) and those where the angular separation of the inner binary is greater than one arcsecond (red). The gray
shaded curve shows the distribution for all wide binaries, where a twin excess has been established. Bottom: The difference in G magnitudes as a function of the
angular separation for the components in the triples. The bottom left plot filters only for triples where the angular separation is greater than one arcsecond, while the
other two plots have no restriction on 6. Triple inner binaries show a striking and statistically significant excess of equal-mass twins.

the binary control sample and the triple inner binaries are
subject to similar systematic biases. The red histogram here
shows the triple inner binaries with angular separations (6,)
greater than 1”. At separations below 1”, the ability to resolve
a wide binary is extremely sensitive to the flux ratio and tends
to bias towards equal-flux pairs (e.g., El-Badry & Rix 2018).
Above 17, this bias is significantly weaker (but still non-
negligible; El-Badry 2024), so any twin excess is more likely
intrinsic to the population instead of a systematic bias.

Among the three components in the triples, there is a strong
twin excess among inner binaries. The leftmost column of
Figure 3 shows that twin excess is present out to § ~ 5”, where
Gaia is sensitive almost all pairs with AG < 8"
(El-Badry 2024). Such a twin excess is not observed between
the tertiary and any of the inner binary components. In the 100
pc resolved triple sample, a similar twin excess is observed
(Tokovinin 2022), as is the case in wide binaries at similar
separations (El-Badry et al. 2019, 2021).

While the twin phenomena is already suggested by Figure 3
out to large angular separations, the degree to which it extends
is unclear. We therefore explore how the twin fraction evolves
as a function of both the angular and physical separation of
inner binaries.

Following El-Badry et al. (2019), we calculate a proxy for
the twin fraction, defined as the ratio between the number of
pairs with AG < 0.25 mag (e.g., “twins”) and inner binaries
with similar magnitudes that are not quite twins
(0.25 < AG < 0.50). We plot this “twin fraction” in
Figure 4, as a function of both physical separation (top) and
angular separation (bottom). We compare the inner binaries
of triples to our control sample of wide binaries (black),
which have similar separation and distance distributions as
the triple inner binaries (Appendix D). The upper panel
divides our sample into bins of separations that are equally
logarithmically spaced; the blue dotted line represents no
twin excess (Nag<o0.25/No2s<ag<o.50 = 1). The plot reveals
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Figure 4. Twin properties of triple inner binaries compared to isolated wide
binaries. The twin fraction of inner binaries in triples is displayed as a function
of their physical separation (top) and angular separation (bottom). In red, we
show the fraction of triples with AG < 0.25 mag (twins) to those with
0.25 < AG < 0.50. In black, we show the same plots for the wide binaries at
the same separations and distances, which have a well-established excess of
twins (El-Badry et al. 2019).

a noticeable excess of twin inner binaries in triples that is
comparable to the twin excess in wide binaries. For triples,
the twin excess extends out to angular separations of § ~ 4",
where observations are sensitive to a wide range of flux
ratios. Furthermore, the twin phenomenon is present for
inner binaries as wide as ~1000 + au (top of Figure 4),
consistent with the wide binary population (El-Badry et al.
2019). Overall, the twin fraction evolves with separation in a
manner that is strikingly similar to wide binaries at the same
separation. This strong similarity suggests that triple inner
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binaries and isolated wide binaries likely share a common
formation pathway.

One possible explanation for the binary twin excess at large
separations (~>100au) is that they originally formed at
smaller separations (s ~ <100 au) through accretion in cir-
cumbinary disks and were subsequently widened by early
dynamical interactions with other stars (El-Badry et al. 2019;
Hwang et al. 2022a). The fact that inner binaries in triples also
exhibit a wide twin excess raises tension with this scenario.
Specifically, it is challenging for an interloping star to widen
the inner binary without simultaneously disrupting the tertiary
companion or destabilizing the entire triple.

This tension suggests a few possible alternatives. One is that
many wide binaries initially formed with tertiaries and indeed
widened through this mechanism, but most wide tertiaries
were unbound during this dynamical encounter, leaving behind
only the surviving subset of stable triples we observe today. If
so, the relative abundance of wide binaries and resolved triples
could offer valuable constraints on the efficiency of dynamical
processing in young clusters. Alternatively, some tertiaries
may have formed later or been dynamically captured after the
inner binary had already widened. A future study comparing
wide binaries and resolved triples could offer new constraints
on dynamical scattering and twin formation.

3.3. Mutual Inclinations

Add point about fully coplanar case: The mutual inclination
(imuy) in hierarchical triples represents the angle between the
angular momentum vectors of the inner and outer orbits. For
example, a mutual inclination of 0° represents mutually
aligned orbits (all in the same plane) while i, = 90°
corresponds to a tertiary orbiting perpendicular to the inner
binary’s orbital plane. Constraining i, is critical for under-
standing the dynamical evolution of triples; the efficiency of
EKL, for example, depends sensitively on mutual inclination
(e.g., Naoz 2016). For resolved triples, the long orbital periods
make it difficult to constrain individual inclinations. However,
the average mutual inclination of a statistical triple population
can be inferred using only astrometry.

From the precise positions and parallaxes reported by Gaia,
we calculate the direction of relative motion between the
tertiary and inner binary. By studying the direction of motion
of the tertiary relative to the inner binary (the “relative motion
sense”), we determine whether the tertiary exhibits a prograde
or retrograde orbit with respect to the inner binary. The relative
motion sense can therefore serve as a statistical proxy for
mutual orbital alignment (Sterzik & Tokovinin 2002;
Tokovinin 2022). For each subsystem, we define an angle
between the position and velocity vectors, which characterizes
the direction of motion relative to the projected line joining the
stars. The position vector for the outer orbit connects the
tertiary to the center of mass of the inner binary. This angle ~y
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Figure 5. Mean mutual inclinations of triples as a function of separation ratio (left) and tertiary separation (right). Each point shows the inferred mean mutual
inclination, (im,) (Equation (9)), for triples in the given bin with binomial errors included. Only triples interior to 125 pc are included (N ~ 1200), and the dotted line
at 90° indicates the expected value for randomly oriented inner and outer orbits. Wide triples are consistent with isotropic inclinations while more compact triples

tend towards mutual orbital alignment.

lies in the range [—180°, +180°], where positive values
indicate counterclockwise (direct) motion and negative values
indicate clockwise (retrograde) motion on the sky.

We assign to each subsystem a “relative motion sense” S,
which is the sign of the two-dimensional cross product
between the position and velocity vectors. This yields S = +1
for counterclockwise motion and S = —1 for clockwise
motion. Comparing the signs of Si, and Sy across the sample
allows us to quantify whether the inner and outer orbits tend to
rotate in the same (co-rotating) or opposite (counter-rotating)
directions, providing a statistical constraint on mutual orbital
alignment. For each triple, we then compare the signs of the
inner and outer subsystems. If S, = Sy, the inner and outer
orbits revolve in the same sense; otherwise, they have the
opposite sense.

To quantify the overall tendency towards alignment across
our sample, we follow Tokovinin (2022) in defining the sign
correlation (C) as

N, — N

= -, 8
N, + N ®

where N, is the number of triples with the same motion sense
in both subsystems, and N_ is the number with opposite
senses. This statistic can take on values between +1 (perfect
alignment) and —1 (perfect anti-alignment), where C = 0
indicates no preferred orientation. We assume errors in C are
binomial. Finally, the mean mutual inclination (i) can be
estimated from (Worley 1967)

(imue) = 90°(1 = O). )

This relation assumes random orientations, which is reasonable

for resolved triples. Even if observational biases skew this
assumption, such biases are symmetric with respect to rotation
direction, so the sign correlation, C, remains an operational
diagnostic of relative orbital alignment (Sterzik & Tokovinin
2002; Tokovinin 2022). While contrived configurations, such as
exactly half prograde and half retrograde coplanar systems, can
also yield (iny) = 90° such scenarios are not physically
motivated.

In Figure 5, we show the mean mutual inclination, (i), for
triples within 125 pc as a function of the separation ratio s, /s
(left panel) and outer separation s, (right panel). The 125 pc
sample includes ~1200 triples, ensuring a sufficient number of
systems in each bin (with the smallest bin containing ~50
triples). We restrict to 125 pc because at larger distances,
proper motion errors can become comparable to or larger than
the orbital velocities of wide tertiaries, making such inclination
dominated by noise. Within 125 pc, almost all tertiaries
(99.5%) have proper motion errors smaller than orbital
motions, with the median proper motion error being 29 times
smaller than the outer orbital velocity.

In the left panel of Figure 5, the triples are divided into five
equally log-spaced bins in s,/s;, ranging from 1 to 200. The
plot reveals that more compact systems (lower s,/s; ~ <10)
tend toward alignment, while wider triples (s»/s; 2 10) show
mutual inclinations consistent with random orientations. A
similar pattern is observed in the right panel of Figure 5:
systems with smaller s, tend to be more aligned, whereas those
with wider tertiaries are consistent with isotropy. At the
smallest s, (~<1 au), tight stellar triples show evidence for
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mutual orbital alignment (e.g., Bashi & Tokovinin 2024),
which is a natural extension of our data.

4. Results

One of the largest uncertainties in modeling triple star
populations is the initial conditions and intrinsic distributions.
Generating a realistic synthetic triple population requires
assumptions about the initial masses, separations, and
eccentricities, all of which are poorly constrained in triples.
In this section, we use our volume-limited sample of resolved
triples to constrain the intrinsic distribution of masses, mass
ratios, orbital periods, and eccentricities of triple star systems.
We then use our findings to develop an observationally-
grounded prescription for sampling triple parameters.

4.1. Masses

Our goal is to develop a physically motivated prescription
for sampling masses of stars in triples in a manner that
reproduces observations. Starting from a main-sequence
population with a Kroupa mass distribution, we sample
binaries, then select a subset of these binaries to be triples.

As Moe & Di Stefano (2017) demonstrate, the distributions
of primary masses M;, mass ratios g, orbital periods P,
eccentricities e, and multiplicity fractions are covariant.
Therefore, to ensure a widely applicable and physical
prescription, we jointly sample the binary parameters using
the multi-dimensional distributions of Moe & Di Stefano
(2017). We execute this using the COSMIC code’s multi_-
dim sampler (Breivik et al. 2020) with some modifications to
make it more realistic. Firstly, we modify the multi_dim.
py module in COSMIC to sample primary masses from a
Kroupa initial mass function (IMF) instead of the default open-
source version, which assumes a more top-heavy primary mass
function. We also modify the code to incorporate updated
M-dwarf multiplicity statistics from Winters et al. (2019),
replacing the default assumption of zero binary fraction at
0.08 M....° providing a population of both singles and binaries.
The binary population has primary masses (M;), mass ratios
(gin = M>/M)), orbital periods (Pi,), and eccentricities (ej,)
consistent with the observed distributions and binary fractions
(Moe & Di Stefano 2017). Note that binaries sampled through
this scheme will have an excess of short-period (P;, < 20 days)
circular binaries due to tidal evolution after their formation
Moe & Di Stefano (2017). Therefore, when using this
prescription to sample initial conditions for a triple population
(close to formation), we restrict P, > 20 days.

We generate triples by assigning an outer tertiary to a subset
of the binary population, where the triple probability is a
function of the binary’s primary mass M;. Triple fractions are

® The modified multi_dim.py is provided on GitHub https://github.

com/cheyanneshariat/gaia_triples/tree/main/Data.
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adopted from Offner et al. (2023), where we use the fraction of
triple and higher-order multiples among all multiple systems.
In the terminology of Offner et al. (2023), this fraction is
THF/MF, where THF is the triple/high-order fraction and MF
is the multiplicity fraction (fraction of primaries with at least
one companion). For example, ~10%, ~25%, and ~60% of
binaries with primary masses 0.1 M., 1 M., and 10 M.,
respectively, have a tertiary companion. For each triple, we
sample the outer mass ratio g, from a power-law distribution
with slope v = —1.4 and compute the tertiary mass
M3 = qgouw X (M; + M,). We also explore alternative
prescriptions, such as randomly drawing M3 from the IMF, but
find such models are inconsistent with the observed data,
suggesting the tertiary mass is not entirely independent of the
inner binary. Since the inner binary orbital period (P;,) is
already determined, we only sample the outer binary period
(Poy) from the log-normal distribution of binary stars
(Duquennoy & Mayor 1991; Raghavan et al. 2010; Winters
et al. 2019), keeping only tertiaries that are dynamically stable
(see next section). The top panel of Figure 6 shows the
intrinsic distributions of My, gj,, and gq,, at the zero-age main-
sequence for triples, according to our model.

We now aim to test this model against observed main-
sequence triples. After drawing initial conditions with the
above prescription, we only retain triples that (a) have all three
stars on the main sequence after 10 Gyr of constant star
formation, (b) would be entirely resolved by Gaia
(Appendix C), and (c) have all three components brighter
than the Gaia detection threshold (G < 20.5; Gaia Collabora-
tion et al. 2021b). For systems within 100 pc, which we will
compare this model against, the latter brightness cut
corresponds to a minimum stellar mass of ~0.1 M. The
main-sequence lifetime is determined by interpolating MIST
isochrones (Choi et al. 2016).

The bottom panel of Figure 6 plots the resulting masses and
mass ratios from our mock triple population (blue) and
compares them to observed distributions in our 100 pc
resolved triples sample (black). Both the masses and mass
ratios in the mock population are broadly consistent with
observed Gaia triples. In fact, the observed M, distribution,
which deviates significantly from any canonical single-star
IMF, is recovered. This supports the notion that the primary
mass (M) in triples originates from a Kroupa IMF convolved
with the triple fraction. The inner binary mass ratios (g;,) are
also consistent, advocating that triple inner binaries follow the
same mass ratio distributions (and perhaps formation mechan-
isms) as isolated binaries. Lastly, the outer binary mass ratio,
qou» 1s reproduced well with our simple power-law
formulation.

From the initial distributions (top panel), most low mass-
ratio (g ~ <0.25) systems are removed by the resolvability
criteria, since their large flux contrasts make them unresolved
at short separations. Also, a fraction of stars with M 2> 1.5 M,
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Figure 6. The origin of triple masses. Top: The underlying distributions for initial triple primary masses (M), inner binary mass ratios (¢;,), and outer binary mass
ratios (¢ou). Bottom: Assuming this intrinsic triple model, we show the results of 10 Gyr evolution with constant star formation (blue). We subject these models to
the Gaia selection function, keeping only those that are resolved and bright enough for detection at = 10 Gyr. The modeled population is compared to observed
resolved triples within 100 pc sample (black). The modeled population is broadly consistent with observed triples.

evolved off the main-sequence before 10 Gyr and therefore did
not enter the observed sample. In our modeling, we do not
dynamically evolve the triples, meaning three-body interac-
tions combined with stellar evolution, which are known to
tighten or merge ~20%-30% of triples over ~10 Gyr (e.g.,
Naoz & Fabrycky 2014; Toonen et al. 2020; Shariat et al.
2023, 2025c¢), are not included. While this should, in principle,
alter the mass ratio distributions, the fact that our models
reproduce the observed masses well (bottom panel of Figure 6)
without dynamics included might suggest that EKL-driven
tightening or mergers have only a modest dependence on the
triple stellar masses. This result is not surprising because EKL
leads to a merger more frequently if the masses of the inner
binary are different (e.g., Naoz & Fabrycky 2014).

4.2. Orbital Periods

While separation distributions are constrained for main-
sequence binaries at similar separations and masses (e.g.,
Duquennoy & Mayor 1991; Raghavan et al. 2010; Moe & Di
Stefano 2017; El-Badry et al. 2021), only modest constraints

exist for triples (e.g., Tokovinin 2014b). In the previous
section, we jointly sample My, e, gin, and P;, to get the inner
binary parameters. In this section, we constrain the intrinsic
distribution of the tertiary’s orbital period, Poy,.

We test three different parent distributions. The first is from
Duquennoy & Mayor (1991), a log-normal distribution with
mean log,,(P) = 4.8 and standard deviation o p) = 2.3,
where P is in days. The second, from Raghavan et al. (2010), is
also log-normal with log(P) = 5.03 and ojog ) = 2.28.
These two log-normal distributions are broadly similar, with
the Raghavan et al. (2010) distribution yielding slightly more
wide binaries. For both of these models, if the primary mass is
below 0.6 M., we instead draw periods from a log-normal
distribution with log;q(a) = 1.3 and 0iog () = 1.16, consistent
with the closer orbits of M-dwarf binaries (Fischer &
Marcy 1992; Duchéne & Kraus 2013; Winters et al. 2019).
While the true period distribution likely varies smoothly with
mass, this discrete treatment offers a reasonable approximation
given current limitations. The third distribution we test is log-
uniform from 10 < s/au < 50,000. We convert all sampled
periods to projected separations (which Gaia measures)
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assuming Keplerian orbits and isotropic orientations (see
Appendix E).

For each triple, we sample P, and check if it leads to a
dynamically stable triple; otherwise, it is resampled. Dynami-
cal stability is defined by two criteria that determine whether
the triple is (a) hierarchical and (b) long-term stable. To test
hierarchy, we adopt the hierarchical parameter e, which is
effectively the coefficient of the octupole term in the three-
body Hamiltonian (e.g., Naoz et al. 2013)

e=din_ o .

2
QAout 1 - €out

(10)

For long-term stability, we apply the criteria from Mardling &
Aarseth (2001):

Aout

2
> 2.8(1 + L)S
M, + M,
0.3 )
180° )

Here a;, (aoy,) is the semi-major axis of the inner (outer) orbit,
ein (eou) are the eccentricities of the inner (outer) orbit, i is the
mutual inclination in degrees, and M; are the masses, with 1, 2,
3 corresponding to the primary, secondary, and tertiary,
respectively. We note that a deviation from strict hierarchy
does not necessarily mean that a triple becomes instanta-
neously unstable (Grishin et al. 2017; Mushkin & Katz 2020;
Bhaskar et al. 2021; Toonen et al. 2022; Zhang et al. 2023;
Weldon et al. 2024). While most of the triples in our observed
sample are stable according to these criteria (e.g., Figure 2),
some of the triples have projected separations that are
seemingly unstable. Later in this section, we check whether
these visually unstable triples are purely due to projection
effects.

These stability criteria also depend on masses, eccentricities,
and mutual inclination. Masses and inner eccentricities are
determined according to Section 4.1, and we assume thermal
outer eccentricities and isotropic mutual inclinations. If the
system is not dynamically stable (according to Equations (10)
and (11)), then we re-sample P, and e,, until these
conditions are met. For comparison to observations, we only
consider triples where all three stars are on the main sequence
after 10 Gyr with a constant star formation rate. Lastly, we
mock-observe these systems using Gaia selection function
(Appendix C), keeping only triples where all three components
are resolved and brighter than the Gaia detection threshold (see
Section 4.1). Note that the effective angular resolution at
which two stars can be resolved also depends on their distance,
which we sample from the 100 pc catalog. One last bias that
we account for in our model is the truncation of the widest
triples (s > 30,000 au) due to both perturbations and selection
effects. We estimate this using the observed fall-off in Gaia

din
2

% (1 + eout)z( o
(I — eou)s

(1)
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wide binaries (Appendix F), which reduces the number of
triples with wide tertiaries as a function of their outer
separation.

Figure 7 shows the results of sampling from different period
distributions and compares them to observations. In the left
panel, gray histograms show the parent distribution used to
sample P,y including Raghavan et al. (2010), Duquennoy &
Mayor (1991), and log-uniform. Dotted lines show the
observed s; (blue) and s, (red) of 100 pc resolved triples,
and the solid lines show the mock population. Both the
Raghavan et al. (2010) and Duquennoy & Mayor (1991) log-
normal period distributions are consistent with triple observa-
tions. Specifically, they reproduce both the observed s, and s,
separations from ~50-50,000 au and the s,/s; distributions
relatively well (right column). Importantly, these models
predict virtually the same fraction of systems with projected
separation ratios s,/s; < 2.8 as observed in our catalog. This
supports the notion that such visually unstable triples arise
from projection effects, and that nearly all Galactic triples are
consistent with being hierarchical and dynamically stable.

In contrast, the log-uniform model over-predicts the number
of wide inner and outer separations relative to observations.
This arises because the log-uniform distribution samples wide
separations (larger s,) more often than the log-normal
distributions, allowing wider inner binaries to exist (larger
s1). Such a log-uniform model has also been shown to be
inconsistent with observed wide binaries (e.g., El-Badry &
Rix 2018).

Using the same framework as above, we test whether
drawing both P;, and P, simultaneously and retaining only
stable combinations can reproduce the observed distributions.
This differs from the default assumption, which only
resamples P, We find that this approach biases the s
distribution toward smaller values, in tension with observa-
tions. This suggests that fixing the inner binary and sampling
the outer orbit until stability is achieved yields a more realistic
triple population.

We also test whether the simple stability criterion,
Pou/Pin > 5, can reproduce observed triple separations.
Interestingly, this criterion produces significantly more triples
with s,/s; < 2.8 than is observed, indicating that slightly more
involved criteria (Equations (10) and (11)) are required to
describe triple stability.

Recursively sampling tertiaries from the binary log-normal
distributions reproduces triple separations extremely well
(Figure 7). One interpretation of this result is that tertiaries
form at a wide range of separations about inner binaries,
governed by the intrinsic binary log-normal distribution. Then,
only those that are long-term stable remain in the field. This
suggests that both wide binaries and triples form through
similar star-formation mechanisms in their nascent environ-
ments (Tokovinin 2022). Wide multiples in young stellar
populations show evidence of hierarchical collapse being a
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Figure 7. The origin of triple separations. The outer separations (s,) of resolved triples are drawn from various parent distributions (gray histograms), whereas the
inner separations (s;) all follow Moe & Di Stefano (2017). We show the resulting mock distributions from these models (solid lines) and compare to observed triples
(dotted lines). Left: Distributions of s; (blue) and s, (red). Right: Distributions of separation ratios (s2/s;). The top 2 rows draw tertiary separations from the log-
normal distributions Raghavan et al. (2010) and Duquennoy & Mayor (1991). The bottom row assumes a log-uniform distribution for s, between 10 and 50,000 au.
The green line shows the threshold for dynamical instability (s»/s; = 2.8). The log-normal models provide the best match with observations. These models contain
only dynamically stable triples, yet still reproduce the observed fraction of systems with s,/s; < 2.8, suggesting they are the result of projection effects.

dominant mechanism (Joncour et al. 2017), which is a natural
top-down process that can account for these observations.

4.3. Eccentricities

The distribution of outer eccentricities (eq,) in triple
systems is essential for modeling their dynamical evolution
and constraining formation pathways. However, measuring the
eccentricity of wide systems is challenging due to their long
orbital periods. In our model, the inner eccentricity (ej,) is
jointly sampled with M}, gi,, and P;, following the prescription

of Moe & Di Stefano (2017) (see Section 4.1). The resulting
e;, distribution is roughly thermal for long orbital periods
(log(P/days) > 1.5) and shifts to smaller values for closer
binaries (Moe & Di Stefano 2017). The eccentricity of the
outer orbit, on the other hand, is much less constrained.
While individual eccentricities are difficult to measure, the
eccentricity distribution of a population, f(e), can be estimated
using astrometry. Tokovinin & Kiyaeva (2016) develop a
method that statistically reconstructs the eccentricity distribu-
tions of wide binaries using their proper motions and relative
positions (see Tokovinin & Kiyaeva 2016; Tokovinin 2020,
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Figure 8. The origin of triple eccentricities. Observed eccentricity distributions for the inner (left) and outer (right) orbits of resolved triples are shown, with the
mean (black dashed line) and 1o uncertainty (gray band). These are compared to two models that sample outer eccentricities (e,,) from either a thermal (blue
squares) or uniform (red triangles) distribution. Both models sample inner eccentricities (e;,) following Moe & Di Stefano (2017) and are subject to dynamical

stability constraints.

for details). Here, we apply their method on our 100 pc
resolved triple sample to determine f(e) for both inner and
outer orbits. Overall, we find that inner orbits are relatively
eccentric with a mean (e;,) =~ 0.69, while outer orbits are more
moderate, {(e,,) ~ 0.47. Tokovinin (2022) also apply this
method to their resolved triples sample, finding that
(em) ~ 0.66 £ 0.02 and (e,,) = 0.54 £ 0.02, which is
consistent to with our values. Here, we examine the origin of
these observed eccentricities.

We test both a uniform and thermal intrinsic e, distribu-
tions by sampling from each, applying the selection function,
and comparing the resulting e, to observations. If a sampled
triple violates dynamical stability (Equations (10) and (11)),
both e, and P, are resampled until a stable configuration is
found. This approach effectively assumes that the inner binary
parameters are set earlier in the formation process, while the
tertiary may form (or settle) across a wide range of orbital
configurations, with only the stable ones surviving to be
observed in the field today.

Figure 8 plots the eccentricity distribution f(e) for the inner
(left) and outer orbit (right) of observed triples in our resolved
sample (black). We compare this distribution to the models that
assume a uniform e, (red triangles) and thermal e, (blue
squares). Both models assume e;, follows Moe & Di Stefano
(2017), so any differences are the result of enforcing stability.
For the observed distribution, 1o uncertainties are derived using
bootstrap (Tokovinin & Kiyaeva 2016) and shaded in gray.

A thermal distribution of e, matches observations of
resolved triples better than a uniform distribution. The uniform
distribution becomes weighted towards smaller e, after
imposing stability, while the observed wide tertiaries show a
dearth of small e,,. On the other hand, the thermal e,

distribution exhibits a decline at high eccentricities due to
dynamical stability constraints, resulting in a peak around
eout =~ 0.5-0.6 and only a small fraction of systems with
€our~ >0.8 (in agreement with Tokovinin 2022). The robust
dropoff at large e, further emphasizes the need for
considering e, in triple stability criteria, as also highlighted in
Section 4.2.

The e, distribution peaks slightly higher, near 0.7, and
similarly aligns well with the observed curve. The model
underpredicts the fraction of systems with ¢;, > 0.9 and
slightly overpredicts the fraction with 0.1 < ¢;, < 0.4, likely
because it does not account for dynamical evolution that can
drive inner binaries to high eccentricities (e.g., EKL;
Naoz 2016). Dynamics also contributes to the dearth of high
eon triples, since those triples exhibit the strongest EKL,
causing the inner binary to tighten or merge (e.g., Naoz &
Fabrycky 2014; Shariat et al. 2025c¢)

4.4. How to Sample Triple Parameters

The agreement between our models and the observed
distributions of triple-star masses (Figure 6), orbital separations
(Figure 7), and eccentricities (Figure 8) highlights the need to
re-evaluate triple population modeling. For instance, most
previous models of triple populations assume that the g, and
Gour are drawn from the same underlying distribution, often
taken to be uniform. However, observations show that this
assumption does not hold true for the resolved triple population.

To allow for easy population modeling in an observation-
ally-consistent way, we provide a simple Python tool on
GitHub’ that generates mock triple systems by sampling

7 hps: //github.com/cheyanneshariat/gaia_triples
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masses, orbital periods, and eccentricities from our empirically
validated scheme. This tool can be applied to sample initial
conditions for a triple population and can also generate a
complete mock stellar population, with singles, binaries, and
triples. We summarize the prescription for creating synthetic
stellar populations (including triples) below:

1. Draw stellar masses: Sample stellar masses from a
Kroupa IMF to represent single stars in the population.

2. Add binaries: Generate a binary population with jointly-
sampled multiplicity fractions, primary masses (M),
mass ratios (g = M,/M;), orbital periods (P;,), and
eccentricities (e;,) following Moe & Di Stefano (2017).

3. Assign triples: For each binary, assign a probability that
the system has a tertiary companion (i.e., is a triple),
given by the triple fraction as a function of M.

4. Sample outer mass ratio: For triples, assign the tertiary
mass as M3 = gou(M; + M), where the outer mass ratio
(gouy) 1s sampled from a power law with logarithmic
slope v = —1.4.

5. Sample outer period and eccentricity: For triple outer
orbits, sample a period (P,y) from the log-normal
distribution of binary stars and eccentricity (ey,;) from
a thermal distribution. If the triple fails the hierarchy or
dynamical stability criteria (Equations (10), (11)), redraw
until these conditions are met.

The above sampling procedure reproduces key properties of
the observed triple population (masses, separations, eccentri-
cities, multiplicity statistics) while generating a realistic
distribution of singles and binaries as well. In a follow-up
paper, we apply these initial conditions to evolve a synthetic
triple population using dynamical simulations with stellar
evolution.

Although our sampling approach performs well across a
range of separations and stellar masses, we do not claim that it
is a universal prescription. For example, massive triples
(M 2 8M) and unresolved (compact) triples are under-
represented in these observations. However, our inner binary
sampling follows empirical prescriptions that were calibrated
using massive stars and short-period systems (Moe & Di
Stefano 2017), allowing the sampling scheme to be sensibly
applied to the full triple population.

The above sampling scheme does not explicitly draw mutual
inclinations, which are less constrained by observations,
especially for unresolved triples. For the wide triples in our
sample, mutual inclinations are broadly consistent with being
isotropic (Figure 5). Compact triples with Py, < 1000 days
show a tendency for moderate outer eccentricities and aligned
orbits (e.g., Bashi & Tokovinin 2024), although such systems
are likely rare among the overall population (Tokovinin 2014b).
In our sample of wide systems, the more compact triples also
start to show a mild preference for mutual orbital alignment
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Figure 9. Completeness of the 100 pc resolved triple sample. The solid curves
show the intrinsic distribution of the inner (blue) and outer (red) orbital
periods for 30,000 triples (roughly the number expected within 100 pc). The
shaded histograms show the subset that are fully spatially resolved. Resolved
triples comprise only ~<5% of the full triple population within 100 pc.
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(Figure 5). Nonetheless, triples with s, 2 100 au are
generally consistent with isotropic mutual inclinations, which

is the default assumption in our model.

4.5. Completeness

We adopt our intrinsic triple model from the previous
section to estimate the completeness of our resolved triples
sample. This approach relies on assumptions about the
intrinsic distribution of triple masses and orbital periods.
Among these, the incompleteness is most sensitive to the
assumed period distribution, which especially disfavors low-
mass stars because they have relatively smaller periods (e.g.,
Winters et al. 2019).

Even in a nearby sample (e.g., d < 100 pc), only a small
fraction of all triples are fully spatially resolved by Gaia.
Figure 9 illustrates this, where we show the intrinsic period
distributions for a mock population of 30, 000 hierarchical
triples sampled using our prescription (Section 4.4). Among
those with all three masses greater than 0.1 M., (~21,000),
only 620 triples are completely resolved and on the main
sequence, corresponding to a completeness fraction of ~3%.
The 100 pc volume is also expected to host ~30,000 triples,
assuming a stellar density n, = 0.1pc > and total triple
fraction 0.1. Our observed sample contains 650-700 resolved
main-sequence triples, which is consistent with our complete-
ness estimates.

4.6. Triple Fraction

For stars closer than 100 pc, Gaia resolves almost all stellar
companions with separations beyond 100 au. Therefore, our
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Figure 10. Triple fraction as a function of primary mass. Left: The number of total stars (gray circles), in wide binaries (black squares) and in wide triples (blue
triangles) in the Gaia 100 pc sample that pass initial quality cuts (Section 2). Middle: Observed fraction of stars in binaries (black squares) and triples (blue triangles)
with companions wider than 100 au. Right: Completeness-corrected triple fractions (blue triangles) compared to reported fractions from Winters et al. (2019),
Raghavan et al. (2010), Tokovinin (2014b), and Moe & Kratter (2021). Poisson errors are displayed for each point, and reported errors are displayed for the

comparison samples.

triple sample is nearly complete for inner binaries with
d < 100 pc and s;, > 100 au, allowing us to faithfully estimate
the fraction of stars with wide (s;, > 100 au) companions. For
all main-sequence stars within the 100 pc volume, we calculate
the observed fraction of wide triples and binaries, defined by
companions with s > 100 au. Then, assuming triple masses
and separations from Section 4.4, we evaluate the complete-
ness fraction as a function of M, from which we back out the
intrinsic triple fraction.

Following Offner et al. (2023), we define the binary
fraction, fyinary = NBina,y/NA“, where Nginary i the number
of binaries with physical separations greater than 100 au and
Nai = Nsingle + Nginary + Nrriple + ... 18 the total number of
systems within 100 pc that pass the initial Gaia query cuts
(Section 2). An additional cut of astrometric sig-
ma5d max<1 is applied all singles, binaries, and triples
within 100 pc to remove sources with bad astrometry (e.g.,
Gaia Collaboration et al. 2021b). The triple fraction is defined
as fuiples = Nrriptes/Nan, wWhere Nryipies is the total number of
triples with s; > 100 au. Ngjnary does not include systems that
are in the resolved triples catalog, such that it is strictly a
binary fraction.

In the left panel of Figure 10, we plot the total number of
stars (Nap), binaries (Nginary), and triples (Nrprpe), as a
function of primary mass (M;). For triples, M; is the most
massive star in the inner binary. We consider only stars with
primary mass above 0.1 M, since the Gaia 100 pc sample has
low completeness below this mass (Gaia Collaboration et al.
2021b). We also restrict to masses below 2.5 M, since there

are only a few main-sequence stars in the 100 pc sample with
such high masses.

In the middle panel of Figure 10, we plot the observed wide
triple /binary fraction as a function of primary mass. At the
lowest primary masses (~<0.5 M), a minority (~<6%) of
systems have wide stellar companions, consistent with
previous work (e.g., Allen et al. 2007; Winters et al. 2019).
Both the observed wide triple and binary fraction increases
monotonically with primary mass, and for 1M, primaries,
~15% are in wide binaries and ~7% are in resolved triples.
These fractions only measure wide, resolved companions.
However, the majority of binaries and triples in this 100 pc
sample will reside in unresolved systems. We account for these
unresolved systems by estimating the completeness of our
catalog for each primary mass bin and correcting these
observed fractions accordingly.

We assume that the underlying period distributions follow
the scheme developed in Section 4.2, which reproduces
observations. Under this assumption, the outer orbit is derived
from log-normal period distributions: Winters et al. (2019) for
M; < 0.6 M, and Duquennoy & Mayor (1991) for all others.
The inner orbit is drawn from Moe & Di Stefano (2017). Then
we sample masses according to the procedure in Section 4.1,
derive separations, and determine the fraction of systems that
are resolved by Gaia and would therefore make it into our
sample (see Appendix C for resolvability criteria). We use this
intrinsic model to estimate the completeness fraction, the
fraction of triples with three resolved components, for each
primary mass bin. We then correct the observed triple fraction
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for each primary mass by the completeness fraction to derive
the intrinsic triple fraction.

The right panel of Figure 10 plots the intrinsic triple fraction
as a function of primary mass from our sample, after correcting
for incompleteness. We compare to triple fractions reported by
previous multiplicity studies of M dwarfs (M; < 0.6 M.
Winters et al. 2019), FGK dwarfs (0.75 < M;/M, < 1.5;
Raghavan et al. 2010; Tokovinin 2014b), and A-type stars
(1.6 < M{/M, < 2.4; Moe & Kratter 2021). Our results
generally agree with previous volume-limited surveys, but
predict a slightly larger triple fraction for FGK primaries. The
plot shows that low mass stars M; ~ <0.5 M, have typical
triple fractions of 2%—5%, while 2 M, stars have a 35% triple
fraction. The triple fraction strictly increases with primary
mass. We note that the highest mass bin contains only a few
triples within the 100 pc sample, so the estimated triple
fractions contain larger uncertainties.

4.7. Comparison to Wide Binaries

Since the advent of Gaia, wide binaries in the solar
neighborhood have been studied extensively (e.g., El-Badry &
Rix 2018; Hartman & Lépine 2020; Tian et al. 2020; El-Badry
et al. 2021), whereas wide triples have received comparatively
less attention (with the exception of Tokovinin 2022). In this
section, we compare the properties of isolated wide binaries (i.e.,
without resolved tertiaries) to inner binaries of resolved triples.
Such a comparison tests whether a triple environment, either
through its dynamical influence or formation history, leads to
different binary properties. To ensure a fair comparison, we
construct a control sample of wide binaries matched in separation
and distance distributions to the triples (Appendix D), ensuring
similar observational biases. As a result, any differences in
observable properties, such as mass distributions, can be
attributed to intrinsic differences between the populations.

In Figure 11, we compare the masses (top) and mass ratios
(bottom) between resolved binaries and resolved triples. In the
top left panel, we compare the primary masses M in binaries
(gray) to triple inner binaries (blue). In the top middle panel,
we compare the secondary masses M, in binaries (gray) to the
secondary (M,, blue) and tertiary (M5, red) masses in triples. In
the top right panel, we compare the total mass of binaries to
the total mass of triple inner binaries. The median total mass of
triples is 1.65 M., and the median mass of the inner binary is
1.1 M. In the 100 pc sample, which is less susceptible to
systematic biases, our sample contains 423 triple main-
sequence systems and 703 triples total. Among the main
sequence triples, 26% of them have a tertiary that is the most
massive star, and 11% of the time the tertiary is more massive
than the inner binary altogether. However, 50% of the time the
tertiary is more massive than one of the stars in the inner
binary. These numbers are broadly consistent with the
Tokovinin (2022) 100 pc sample.
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Figure 11 also confirms that stars in triples are systematically
more massive than those in wide binaries (e.g., Offner et al.
2023, and references therein). This trend reflects the well-
established increase in multiplicity with stellar mass (e.g.,
Figure 10). Physically, this may result from enhanced accretion
during formation or dynamical capture favoring higher-mass
stars (e.g., Clark & Whitworth 2021). The primary mass in
triples has a median of 0.7 M, compared to 0.53 M, in binaries
(left panel). Similarly, both M, and M3 in triples have medians
of ~0.4 M., exceeding the binary M, median of 0.33 M,
(middle panel). As a result, the total inner binary mass in triples
also exceeds that of wide binaries (right panel).

The bottom row of Figure 11 compares the mass ratio
distributions between binaries and triples. The left panel
compares ¢;, = M, /M to binary mass ratios. We also plot the
expected curve for a uniform mass ratio distribution subject to
the Gaia selection function (black dashed curve). For this
uniform model, periods are chosen from the log-normal
distribution (Duquennoy & Mayor 1991) and distances are
drawn from the observed sample. While intrinsically uniform,
this curve truncates at low-g because high contrast pairs are
more difficult to resolve at fixed angular separation. Overall,
both regular binaries and triple inner binaries show nearly the
same mass ratio distributions. They are both mostly consistent
with a uniform distribution for g ~ <0.9, but show a stark twin
excess at g > 0.9.

The similarity between the mass ratios of wide binaries and
triple inner binaries suggests that both populations share a
common formation pathway, despite the presence of a tertiary
in triples. One common pathway could be hierarchical
fragmentation within a single collapsing core that produces
bound multiple systems, with dynamical interactions leaving
behind a mixture of wide binaries, triples, and higher-order
hierarchies (e.g., Thomasson et al. 2024). Observations of the
Taurus star-forming regions show that wide hierarchical
multiples (s 2 1000 au) outnumber isolated wide binaries,
supporting this hierarchical formation scenario (e.g., Joncour
et al. 2017).

The bottom right panel of Figure 11 plots the outer mass
ratio qou = M3/(M; + M) (blue) and compares it to the mass
ratio of wide binaries. Note that these mass ratios can be
greater than one. Since all of these mass ratios involve the
tertiary, we devise our comparison sample of binaries to be
those with separations matching the outer separation of triples,
such that the selection biases are similar. The plot reveals that
the mass ratio of the outer binary in triples, g, (blue curve), is
different from that of regular wide binaries (gray histogram). A
common assumption in triple modeling is that the inner and
outer binary mass ratios are drawn from the same distribution.
This is not consistent with observations, and instead, observed
triples are weighted towards smaller g, Assuming that the
tertiary mass is drawn randomly, a g, distribution weighted
towards small g, given that the inner binary contains two
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Figure 11. Comparing observed resolved triples to isolated wide binaries. The wide binary control sample is designed to have the same separations and distances to
the triples. Top: Comparing individual stellar masses between binaries (gray) and triples (blue). On the left, we compare the primary masses (M;). In the middle, we
compare the secondary (M,) and tertiary (M3, red) triple masses to the secondary in wide binaries. On the right, we compare the total mass of triple inner binaries to
the total mass of wide binaries. Bottom: Comparing mass ratios between binaries (gray) and triples (blue). On the left, we compare the inner binary mass ratios
(¢in = M/M,). For reference, we plot a uniform intrinsic mass ratio distribution subjected to Gaia’s selection effects (dashed black curve). On the right, we plot
tertiary-to-inner mass ratios in triples shown in various forms (Ms/(M, + M), M3/M,, M3/M,), compared to the binary mass ratio distribution. Here, the binary
sample is different from the previous one, where it is now controlled by the separations/distances of triple outer binaries.

stars. However, the g, distribution cannot be reproduced if
the tertiary mass is drawn from an independent Kroupa IMF,
but is more consistent with a v = —1.3 power law (e.g.,
Figure 6). The tendency for tertiaries to be of lower mass may
reflect their formation history. Early dynamical unfolding and
dynamical capture—two widely accepted mechanisms for
forming wide multiples—favor lower-mass tertiaries, as they
are more easily captured or dynamically widened during
interactions (e.g., Reipurth & Mikkola 2012, and references
therein).

The other tertiary mass ratios, M3/M, and M5/M,, have
morphologically similar distributions to wide binaries for

20

g < 1, though M5/M, the distribution shows a slight excess of
lower mass ratios in triples.

5. Discussion
5.1. Comparison to Previous Samples
5.1.1. Solar-type Triples: Tokovinin 2014

Tokovinin (2014a) assembled a >90% complete sample of
F- and G-type stars within 67 pc of the Sun. Using this parent
sample, Tokovinin (2014b) built a catalog of hierarchical
multiples, including 290 triples, using spectroscopy,
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Figure 12. Comparison of our resolved triple systems (black) to solar-type triples from Tokovinin (2014b) (gray), both limited to d < 67 pc. The corner plot shows
the various parameter spaces spanned by Pi,, Pouss Gin, and goue. Our resolved sample places no restriction on spectral type, whereas the Tokovinin (2014a) catalog
includes only F- and G-type primaries. Resolved triples make up a minority of the full triple population, containing systems with the largest inner and outer orbital

periods, but spanning a similar range of mass ratios.

astrometry, and imaging. While they focus on systems with
solar-type stars, their triples span a broad range of orbital
periods from ~1 to 10'%days. The completeness of detecting
companions of the primary star is 80%, which decreases to
~30% for detecting subsystems in the secondaries.

Figure 12 compares the parameter space of the resolved triples
in our sample to solar-type triples from Tokovinin (2014b). The
corner plot includes Pi,, Pous Gin, and gou, Where the diagonals
show distributions and the off-diagonal components show scatter
plots comparing the various parameters. To match Tokovinin
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(2014b), we limit our resolved triples to the same volume limit
(d < 67 pc). Note that the Tokovinin (2014b) triples contain only
triples with FG stars (N = 290) while our sample places no
restriction on the spectral type (N = 275). As evidenced by the
plot, resolved triples make up a minority of the entire triple
population. The periods of resolved triples concentrate between
10° ~ <P /days ~ <10” and 10° ~ <P, /days ~ <10'°,
placing them on the top right in Py, — P, space. However,
resolved triples span the same broad range of inner and outer
mass ratios as the more compact triple population.
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If we limit our 67 pc resolved triples sample to only F- and
G-dwarf primaries, matching Tokovinin (2014b), we find 98
triples compared to the ~45 fully resolved triples present in
their sample. This reflects the fact that Gaia data revealed
many tertiaries within the 67 pc sample that were not
previously known to be bound to their inner binaries.

5.1.2. 100 pc Resolved Triples: Tokovinin 2022

Tokovinin (2022) construct a catalog of resolved triple star
systems within 100 pc using Gaia astrometry, similar to this
work. While their methods overlap in identifying common
proper motion companions, there are several differences in
scope and approach. Most notably, we extend our search
volume out to 500 pc, whereas Tokovinin (2022) restricts to
100 pc. Increasing the search volume also increases the
fraction of chance alignments relative to real triples. However,
we explicitly calculate a chance alignment probability for each
triple in our sample, allowing us to create a large catalog with
high purity. To avoid major contamination from chance
alignments, even within 100 pc, Tokovinin (2022) impose a
hard separation cutoff at 10* au. We indeed confirm that below
10*au, most companions are truly bound (e.g., see
Appendix A), but do not impose any separation cut (beyond
the initial 1 pc limit).

Another key difference is that we do not impose any
restrictions on stellar type or mass, allowing our catalog to
include triples containing white dwarfs, red giants, and more
massive main-sequence stars. In contrast, Tokovinin (2022)
focus exclusively on triples with main-sequence primaries
below 1.5 M. When restricted to main-sequence triples within
100 pc, the two catalogs are broadly consistent: Tokovinin
(2022) identifies 392 systems, while our sample contains 423.
Applying similar mass and photometric cuts to our sample
yields 390 systems, showing good agreement. Without impos-
ing any photometric cuts, our catalog contains 706 triples within
100 pc, reflecting the inclusion of evolved stars and those
without measured bp rp colors. Expanding to the full distance
limit of 500 pc, we find a total of 9767 resolved triples. We note
that these numbers are based on our adopted cut of Ryspe < 0.1
(i.e., less than a 10% chance alignment probability); relaxing
this threshold would increase the number of identified systems,
but at the cost of introducing a larger fraction of spurious
matches, particularly at wide separations (Appendix A).

5.2. Exoplanets in Wide Triples

The multiplicity of planet-hosting stars can provide a new
perspective on the history of planetary systems. To identify
planet-hosting stars in our catalog, we cross-match the
resolved triples to the catalog of stellar exoplanet hosts from
the NASA Exoplanet Archive,® using the version downloaded

8 hup: //exoplanetarchive.ipac.caltech.edu
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on 2025 February 24th. The Exoplanet Archive includes Gaia
DR2 IDs for each stellar host. We match these DR2 IDs to
DR3 IDs using the Gaia dr2 neighbourhood catalog. The
planet-hosting star could be any of the three stars in the triple,
including one of the inner binary components or the tertiary
star. For example, our closest star system Alpha Centauri,
which is a triple, hosts a planet around the tertiary star (e.g.,
Anglada-Escudé et al. 2016)

In total, the match returns 14 planetary systems with host
stars that reside in a resolved triple. 10 of these planets orbit
the primary star in the inner binary, 2 of them orbit the
secondary star in the inner binary, and 2 orbit the tertiary star.
In Table 2 we list these planets along with their host name,
host Gaia DR3 ID, planet name, and the triple component they
orbit (primary, secondary, or tertiary). Among these systems,
most have been identified as being in triples previously (Cuntz
et al. 2022; Gonzalez-Payo et al. 2024), with the exception of
two: K2-27 and K2-31.

K2-27 is a solar-type (~1 M) star hosting a warm Neptune
(K2-27b) with M, = 30 M, in a 6.8 day eccentric (e = 0.25)
orbit (Montet et al. 2015; Van Eylen et al. 2016; Petigura et al.
2017; Mayo et al. 2018; Crossfield et al. 2016). Forming such
a massive planet in situ is challenging, as it may require an
unusually high solid density in the inner disk; a more
commonly invoked scenario is through some form of planetary
migration (e.g., Baraffe et al. 2006; Correia et al. 2020). For
such a close orbit, the non-zero eccentricity of K2-27b might
support that it migrated inward through high eccentricity
migration where thermal atmospheric tides, evaporation of the
atmosphere, or excitation from a distant companion acted
against bodily tides to keep the orbit eccentric (e.g., Correia
et al. 2020).

K2-31b is a 1.8 Mjy,, Hot Jupiter on a circular grazing orbit
of only 1.25 days (e.g., Crossfield et al. 2016; Dai et al. 2016;
Grziwa et al. 2016; Kokori et al. 2023). The planet’s orbit is
consistent with high eccentricity migration followed by tidal
capture. The presence of this system in a triple further favors
this scenario, where torques from the third star could have
ignited the planet’s dynamical evolution (see e.g., Yang
et al. 2025).

Our cross-match also recovers WD 1856b, a 10 My, planet
on a circular 1.4 days orbit around its white dwarf host
(Vanderburg et al. 2020). The white dwarf is the tertiary
component of a hierarchical triple, with an M-dwarf binary
orbiting it ~1000 au away. Its current orbit might have been
achieved through a common envelope scenario (e.g.,
Vanderburg et al. 2020; Lagos et al. 2021) or is likely the
product of high-eccentricity tidal migration via the EKL
mechanism (e.g., Mufloz & Petrovich 2020; Stephan et al.
2021; O’Connor et al. 2021).

Several of the planets in our triples catalog show evidence
for dynamical formation histories, perhaps influenced by their
triple-star environments. A larger sample of planet-hosting
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triples can be generated using direct imaging or utilizing Gaia
metrics. Future work could also use this catalog to explore
whether planets preferentially orbit any of the triple compo-
nents (e.g., primary, secondary, or tertiary) or whether planets
in triples differ from those in regular wide binaries.

6. Conclusions

Using the precise astrometry provided by Gaia, we create
the largest catalog of resolved triple star systems to date. The
well-understood selection function and low contamination rate
make the sample a powerful testbed for anchoring models of
triple star formation and dynamics. In this paper, we leverage
our understanding of the catalog’s completeness to infer
intrinsic population demographics of triple star systems. Our
main conclusions are summarized below:

1. Resolved Triples Catalog. We construct a sample of
9767 resolved triple star systems within 500 pc of the
Sun. The triples contain main-sequence, red giant, and
white dwarf components (Table 1), including a newly
identified triple white dwarf (Figure 1). The triples span
separations of ~10 to 50,000 au and component masses
from 0.1 to 5 M, (Figure 2). The complete catalog, along
with the chance-alignment probability for each triple, is
available online.”

2. Twin Excess. Inner binaries in triples show a statistically
significant excess of near-equal-mass fwin binaries
(Figures 3) out to separations of 1000+ au (Figure 4).
The twin properties of triple inner binaries are remark-
ably similar to isolated wide binaries, suggesting shared
formation mechanisms between the two populations.

3. Mutual Inclinations. Wide triples are consistent with
isotropic mutual inclinations iyuwa between the inner
and outer orbits, while compact triples show a slight
preference towards mutual orbital alignment (Figure 5).

4. Triple Inner Binaries. The primary mass in triples (M) is
reproduced from the Kroupa IMF conditioned on the
triple fraction. The inner binary mass ratio (g, =
M,/M) orbital period (P;,), and eccentricity (e;,) are
consistent with the distributions of binary stars
(Figures 6, 7, and 8).

5. Triple Outer Binaries. The outer binary mass ratio
distribution, ¢;, = Ms/(M; + M,), is reproduced
assuming a power-law with logarithmic slope v =
—1.4. The tertiary’s orbit is consistent with periods (Poy)
drawn from the binary log-normal distribution (Figure 7)
and eccentricities (e,,) from a thermal distribution
(Figure 8), subject to dynamical stability.

6. Stability of Observed Triples. Nearly all observed triples
in our sample are consistent with being hierarchical and

° htps: //github.com/cheyanneshariat/gaia_triples/blob/main/Data/

triples_catalog.csv
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stable according to Equation (10) and Equation (11).
Mock-observing hierarchical triples recovers a fraction
of visually unstable triples (s»/s; < 2.8) similar to
observations (Figure 7), suggesting that most “visually”
unstable triples are the result of projection effects.
Notably, assuming the simpler stability criterion,
Poui/Pin > 5, is inconsistent with the data.

7. Triple Fraction. After correcting for incompleteness, we
estimate the triple fraction as a function of primary mass
(Figure 10). The triple fraction rises monotonically with
M, from ~5% for low-mass stars (~<0.5 M) to ~35%
for 2 M, stars. These rates are consistent with previous
multiplicity studies (e.g., Offner et al. 2023).

8. Sampling Triple Parameters. We synthesize our results
to develop a prescription for sampling synthetic triple
populations,'® anchored to observations.
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Appendix A
Chance Alignment Probability

We employ R (Equation (7)) to estimate the probability that
a given triple is a chance alignment. Note that R for a triple
represents the largest R;; value of the pairs that make up the
triple. We create an empirical chance alignment catalog to test
the wvalidity of interpreting R as a chance alignment
probability. A sample of purely chance-aligned triples is
created by shifting the Gaia source catalog by 0.5 in
declination and then searching for resolved triples among
them. Any triples found in this shifted catalog are, by
construction, purely chance alignments. Then, we use the KDE
(Section 2) to derive R for the shifted catalog. We follow
El-Badry et al. (2021) in applying a leave—10% out method,
where the density for 10% of binary candidates is evaluated
using a KDE constructed from the other 90%.

19 hetps: //github.com/cheyanneshariat/gaia_triples
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Figure 13. The Ryiple statistics as a measure of chance alignment probability. Left: We plot the true number of chance alignments as a function of Ryiple.
Nehancealign/Neandidare 1S the ratio between the number of chance-aligned triples (from the shifted catalog) with a given R pi. compared to all triple candidates with
that Ryiple value The dashed line also shows the 1: 1 line, illustrating that Rple is a solid estimate Right: Tertiary separations for different cuts on Ryiple.

Since the chance alignment probability R is computed for
each binary pair individually, and each candidate triple
consists of multiple such pairs, we define the chance alignment
probability for the full triple system (Ripie) as the maximum
‘R value among its constituent pairs. This conservative choice
reflects the idea that the least secure pair dominates the
confidence in the system being a true triple. For the shifted
catalog, where triples are identified through two or more
unrelated chance alignments involving a shared star, the
likelihood of such a configuration arising randomly is
effectively the product of two independent alignments. As
such, we adopt Ryiple = R? as the relevant contamination
statistic for triples identified in the shifted catalog.

The left panel of Figure 13 plots the ratio between the number
of the number of chance alignments (from the shifted catalog)
with a given R yple to the total number of triple candidates with
that ,R/triple: Nchance align/ Neandidate- If 7—\J'triple was exactly the
chance alignment probability, it would follow a 1: 1 line. R ipte
generally falls close to the 1: 1 line, making it a functioning
definition of the chance alignment probability for triples.

In the right panel of Figure 13 we show the distribution of
tertiary separations for different cuts on R jpic. As anticipated,
chance alignments dominate at the largest separations (s, ~
>30,000 au) while almost all sources with s, ~ <10,000 au
are real.

Appendix B
Unmatched Pairs

Our selection of resolved triples began by choosing, from
a list of resolved pairs, those that share a common
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companion with other pairs. For triples, there exist three
unique possible matches between the three possible pairings:
1-2, 1-3, and 2-3. Here, star 1 and star 2 are the stars that
create the inner binary (closest pair), and the remaining,
more distant tertiary is star 3. Among the 9767 resolved
triples, 6004 had all three of these pairs match and satisfy all
the cuts. For the remaining 3763 only two pairs match in the
triple, and the connection between the remaining two stars
was inferred. For example, 1-2 and 2-3 were identified as
confidently bound pairs by our procedure, but not 1-3. The
triple will still contain all three stars, despite 1-3 not
matching. The reason for the missing pairs is because of the
extra orbital motion of the inner components, making them
evade the proper motion cut (Equation (3)). In this section,
we explore the consistency of these “missing” pairs with the
other stars in the triple to ensure high quality for the triple
sample.

The missing pair was 1-2, 1-3, 2-3 in 97, 1635, 2031 of the
triples, respectively. For each of the missing pairs, we calculate
the uncertainty-normalized parallax difference between the
components as Aw/oas = (w; — @)/ azzm» + a;,j, where
ij € (1, 2, 3), corresponding to a triple component. The
standard deviation in Ao /o, for the three different types of
missing pairs (1-2, 1-3, 2-3) are 2.3, 2.7, and 1.95,
respectively. The parallaxes of these pairs are consistent within
~2-30, indicating that they are likely physically bound. The
proper motions, however, differ more than expected because the
orbital motion of the inner binary was not accounted for when
searching for pairs, causing them to be missed by the simple
binary selection criteria of Equation (3). The missing pairs could
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be recovered if a looser proper motion cut were used, but this
would come at the expense of more false positives.

Appendix C
Resolvability Criteria

Nearby sources in Gaia are resolved as distinct detections if
their angular separation exceeds the angular resolution limit,
Omin, Which depends on the difference in apparent magnitude
between the two stars (AG = |G| — G,|). For example, high-
contrast pairs with small angular separations are outshone by
their primary and thereby remain unresolved. El-Badry (2024)
presents Gaia’s sensitivity to companions as a function of
angular separation () and AG in their Figure 2. We adopt
their “no cuts” sensitivity curve, since we apply no additional
selection to the parent sample beyond the basic Gaia query in
Section 2. The sensitivity curve continuously increases from O
at small 6 to 1 at large 6. We therefore model the angular
resolution criteria continuously by linearly interpolating the
curves provided in El-Badry (2024). As an example, 90% of
low contrast pairs (AG ~ <4) are detected with an effective
angular resolution of 6, ~ 1”. On the other hand, high
contrast pairs (AG ~ 10) are only 90% detected at wide
angular separations (§ ~ >8").

For each triple, we assign a distance (d) according to our
comparison sample of interest (often the 100 pc sample). Then,
we calculate the angular separation of the inner (6; = s;/d)
and outer (f, = s,/d) binary. We also calculate the AG
between all three stars from their masses (see Section 4.1).
Then, for all pairs of stars in the triple, we use their § and AG

1.2F Binaries 1 0.0030
[ Binaries (control)
L0 [0 Resolved Triples

logyo(s/au)

1 0.0025

0.0020

0.0015

0.0010
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to identify Gaia’s sensitivity to that pair, which defines its
detection probability. Each pair is retained according to this
probability. For a triple to be completely resolved, we require
that all stars pass this detection threshold. Furthermore, we
enforce that all three stars have G < 20.5 at their distance to
ensure that they are bright enough for Gaia detection in the
first place (Gaia Collaboration et al. 2021b).

Appendix D
Wide Binary Comparison Sample

In Section 4.7, we compare properties of the inner and outer
binary of triples to regular wide binaries. This exercise allows
us to identify the role of a tertiary, or triple-star evolution, in
altering the present-day properties of triples. However, the
inner binaries of triples have inherently different separations
and distances that regular wide binaries in the field (e.g.,
Figure 2). Therefore, we construct two samples of wide
binaries with similar separations and distances to the triples,
such that these samples are subject to similar systematic biases
as the triples. The first sample is controlled to have the same
separations and distances as the inner binaries in our 500 pc
sample, while the second is controlled to have the same
separations and distances as the outer binaries.

The process of developing binary control samples can be
visualized in Figure 14. Here, we plot the separations on the
left and distances on the right. The gray distributions are the
wide-binary separations (left) and distances (right). Over
10,000 iterations, we sample a separation from the triple
distribution (red) and select one wide binary with a separation

100 200 300 400 200
Distance (pc)

Figure 14. A wide binary control sample with similar separations and distances to triple inner binaries. On the left, we show the separation triple inner binaries (red),
all wide binaries (gray), and the control sample of wide binaries (black). On the right, we show the distance distribution of the same population. The wide binary
controls ample is a subset of all wide binaries where the separation and distance distribution is similar to triple inner binaries. We compare the wide binary control

sample (black curves) to triples in Section 4.7.
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within 5 au of this chosen triple separation. This creates a
sample of wide binaries with a nearly identical separation
distribution to the triples, as shown with the black curve on the
left of Figure 14. Then, we repeat this process for triple
distances, which filters the control to also have similar
distances to the triples (black curve in the right panel). After
applying this procedure, we now have a sample of 3254
binaries with the same underlying separations and distances to
the triples, allowing us to consistently compare the two and
find differences that are not purely systematic biases.
Importantly, the distribution of angular separations 6 = s/d
are similar as well.

Appendix E
Projected Separations from Orbital Elements

The projected separation of an orbit is dependent on the
inclination of the orbit with respect to the line of sight and the
phase of the bodies in the orbit at any given time. To convert
the semi-major axes (a;, a,) of the triple orbits to projected
separations (s, s;), we statistically sample on-sky inclina-
tions (from an isotropic distribution) and orbital phases for
both the inner and outer orbit, from which we derive
projected separations. To sample orbital phases, we sample
the mean anomaly from a uniform distribution between 0 and
27. Together with the mean anomaly (M) and eccentricity of
the orbit, we numerically solve for the eccentric anomaly (E)
using

M = E — esin (E). (ED)

Lastly, we convert the eccentric anomaly to true anomaly (v)

using
tan(v/2) = /1 € tan (E/2).
— e

Now we can calculate the physical separation between the two
stars in a Keplerian orbit using

(E2)

a(l — %)

= E
" 1 + ecos (v) E3)

This physical separation will change depending on the on-sky
inclination of the orbit (i) and the argument of periapsis (w,
chosen from a uniform distribution) with the following
relation

s = r\/cos2(u + w)sin?(i) + sin?(v + w), (E4)

This procedure is performed for both the inner and outer orbit
5 times each, and the median separation is taken to be the
observed one. This method of statistically sampling orienta-
tions and phases allows us to estimate an s; and s, for our
simulated triple sample, allowing for a comparison with the s;
and s, measured by Gaia observations.
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Appendix F
Missing Wide Companions

In Section 4.2, we discuss methods of sampling the tertiary
separations for triples using a model. In doing so, we need to
consider the truncation of systems at separations above
~30,000 au. Two main effects decrease the number of
observed companions at wide separations: (i) strict chance
alignment cuts, which remove some real systems with s, ~
>30,000 au (Section 2) and (ii) perturbations in the Galactic
field, such as stellar flybys (e.g., Kaib & Raymond 2014;
Michaely & Perets 2016) and galactic tides (e.g., Jiang &
Tremaine 2010; Grishin & Perets 2022), which unbind a
fraction of wide multiples, including triples (e.g., Shariat
et al. 2023).
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Figure 15. The absence of wide stellar companions. The top panel shows the
observed separation distribution of wide binaries within 300 pc (black)
compared to a s~ *® power-law. The bottom shows the ratio between these two
histograms at each separation bin. Above ~10,000 au, the separation
distributions drop below the expected power law due to the combined effect
of perturbations unbinding wide companions and chance alignment cuts
falsely removing real systems.
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We estimate the combined effect of these using the
Gaia wide binary population. We take the d < 300 pc wide
binaries from the catalog of (El-Badry et al. 2021), which
applies a similar chance alignment statistic as this work.
Then, we assume an intrinsic separation distribution of dN/
ds o< s~ ° for the wide binaries, motivated by observations
(Andrews et al. 2017; El-Badry & Rix 2018). Lastly,
we compare this to the observed wide binary separations
(top panel of Figure 15). We find that the observed separation
distribution follows the power law closely until ~30,000 au,
after which it declines steeply. Assuming the s '°® as
the intrinsic distribution, the drop-off can be explained by
the combined effects of chance alignment filtering and
dynamical disruption in the Galactic environment. The ratio
between the number of observed wide binaries and the
number expected from an s '® power law estimates the
completeness at these separations. Below ~30,000 au, this
fraction is 1 (all binaries are recovered) but drops to 0.2 at
s ~ 50,000 au. Since wide tertiary companions are subject to
the same forces as wide binaries, this approach offers a
reasonable correction for the truncation of wide tertiaries in
our sample.

Appendix G
Exoplanets in Triples

After cross-matching our triple catalog to the exoplanet
archive (Section 5.2), we identify planets that orbit stars that
reside in resolved triples. In Table 2 we list these planets, their
host star’s Gaia source IDs, and which specific star in the triple
they orbit (primary, secondary, or tertiary).
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Table 2
Planets in Stellar Triples

Host Name Gaia DR3 Planet Triple
Comp-

Source ID Name onent

HD 18143 116037204451525376 HD 18143 b Star 1
HD 18143 116037204451525376 HD 18143 ¢ Star 1
TOI-1768 852857845015534080 TOI-1768.01 Star 1
TOI-4336 A 6113245033656232448 TOI-4336 A b Star 1
HD 153557 1408029509584967168 HD 153557 b Star 2
HD 153557 1408029509584967168 HD 153557 ¢ Star 2
HD 153557 1408029509584967168 HD 153557 d Star 2
HIP 65 A 4923860051276772608 HIP 65 A b Star 2
K2-27 3798552815560689792 K2-27 b Star 2
K2-31 6050191241556876672 K2-31b Star 2
16 Cyg B 2135550755683407232 16 Cyg B b Tertiary
HD 40979 961428192989499904 HD 40979 b Tertiary
HD 95544 1133573746387113856 HD 95544 b Tertiary
TOI-470 2912264564319611136 TOI-470 b Tertiary
TOI-833 5250780970316845696 TOI-833 b Tertiary
V1298 Tau 51886335968692480 V1298 Tau b Tertiary
V1298 Tau 51886335968692480 V1298 Tau ¢ Tertiary
V1298 Tau 51886335968692480 V1298 Tau d Tertiary
V1298 Tau 51886335968692480 V1298 Tau e Tertiary
WD 18564534 2146576589564898688 WD 1856+534 b Tertiary

Appendix H
Resolved Quadruples

In our initial graph search for resolved multiples, we recover
~3000 resolved quadruples, 314 of which have a high bound
probability >90%. These candidate quadruples are hierarchi-
cally structured, typically in either a 242 or 24141
configuration. Though rare, such wide hierarchical quadruples
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Table 3
Resolved Quadruples Catalog
Star 1 ID Star 2 ID Star 3 ID Star 4 ID
5912556128336434816 5912556128347850624 5912556849890951168 5912556849902360192
2202734042876873472 2202734042886828160 2202746755990117248 2202746755990117376
5515192381247219328 5515192385540764672 5515192449968480896 5515192454269353728

Note. Example rows the resolved quadruples sample. Additional columns (e.g., separations, photometry, astrometry) are omitted for brevity.

may serve as key case studies for theories of clustered star
formation and the dynamical unfolding of early multiple
systems. We do not analyze these systems in any detail, but
provide a machine-readable table of resolved quadruples,
along with basic properties and chance alignment probabilities
for each system (Table 3).

Appendix I
Higher-order Multiples

Stellar systems with more than three stars, such as
quadruples, offer an important window into the most complex
outcomes of star formation. Their architectures, for example,
can help constrain models of hierarchical star formation (e.g.,
Tokovinin 2014a, 2014b; Offner et al. 2023).

In addition to these systems, some triples in our catalog
host unresolved inner subsystems, raising their true multi-
plicity above three. To identify such systems, we cross-match
our resolved triples with existing Gaia binary catalogs,
including the non-single star (NSS) catalog and the eclipsing
binary catalog (Mowlavi et al. 2023). These embedded
subsystems—ranging from ~1 au binaries to contact systems—
are of particular interest since their formation may be
dominated by Kozai cycles with tidal friction (e.g., Fabrycky
& Tremaine 2007; Naoz & Fabrycky 2014; Borkovits et al.
2016; Toonen et al. 2020). We first search for nested binaries
among our resolved triples sample by matching to the
Gaia Eclipsing Binary Catalog (Mowlavi et al. 2023). This
catalog contains 2, 184, 477 sources with apparent G-band
brightnesses ranging from a few mag down to 20th mag
across the entire sky. Along with the sources, Mowlavi et al.
(2023) publishes orbital periods (most between 0.2 and
5days), light curve model parameters, and a global -
ranking metric that quantifies the strength of the model fit.
Only sources with global ranking > 0.4 are published,
and by inspecting their ZTF light curves of several, most are
visually eclipsing.

Matching these to our triples yields 142 eclipsing binary
(EB) candidates that are in resolved triples, comprising 1.5%
of our high-confidence sample (R < 0.1). Extending this to a
lower confidence sample of triples with R < 0.5 adds 15 extra
matches. Among the 142 good matches, 109 belong to one of
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the components in the inner binary and 33 belong to the
tertiary. Assuming that the components are true eclipsing
binaries, this would make these 142 systems hierarchical
quadruple star systems in a “24-141" (inner EB) or “141+2”
(tertiary EB) configuration. Future work is warranted to
investigate the eclipsing binary fraction in these systems
compared to random pairing in field stars or even wide
binaries. Some evidence already suggests an excess of double
eclipsing binaries compared to random pairings of field stars
(Fezenko et al. 2022). Furthermore, studying the relative
frequency between EBs that are in the inner binary or tertiary
may reveal clues to the early dynamical environments in
protostellar clusters.

To find nested binaries with larger orbital periods and that
are not necessarily eclipsing, we match our resolved triples to
Gaia’s non-single-star (NSS) catalog (Gaia Collaboration
et al. 2021a). We focus on systems with astrometric two-body
orbital solutions, where both the period and eccentricity are
determined. Our match results in 185 NSS binaries that reside
in resolved triples. Half (92) have an “SB1” solution, 43 have
an “Orbital” solution, 22 have an “AstroSpectroSB1” solution,
19 have “SB2” solutions, and the rest (9) are eclipsing binaries
which overlap with the previous cross-match. The median
significance is 30 and the median goodness of fit
is 1.6. Most (111) of these NSS binaries match the primary
component of the triple’s inner binary, and 63 match the
tertiary. We note that 52 triples have one component with an
NSS acceleration solution, a large number have components
with RUWE > 1.4 (potentially indicating binarity).

We provide a machine-readable table of higher order
multiples with known orbital solution from the Gaia eclipsing
or NSS catalogs (Table 4). In total, it includes 347 resolved
triples with at least one system (multiplicity at least 4) and 6
where two components are themselves unresolved binaries
(multiplicity at least 5). A comprehensive census of higher-
order multiples, combining both resolved and unresolved
components, will be useful for building a complete picture of
stellar multiplicity. Note that the cut on proper motion
difference (Equations (2) and (6)) removes a significant
fraction of unresolved binaries from the catalog, biasing those
that did make it into our sample.
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Table 4
Triple Candidates with Unresolved Subsystems
Primary ID Secondary ID Tertiary ID S1 $o Matched Stars Solution Type N Matched
(au) (au)
2852562732196504320 2852562732195048064 2852562766556242816 3734 6523.8 Primary, Tertiary eclipsing, Orbital 2
6185430896893625472 6185430931253573376 6185430995676548616 811.1 14609.7 Primary, Tertiary SB 1, SB 1 2
4530301305194578176 4530301306175249096 4530300545702749440 189.0 1425.0 Primary SB 1 1

Note. Only the first two rows and last row are shown for brevity. Solution types come from Gaia DR3 catalogs of eclipsing binaries and non-single stars. “N
Matched” is the number of triple components that are unresolved binaries: for example, a value of 2 means the system has 5 stars total. Most (347/353) of these

triples have only one subsystem.
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