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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and

↵vir�rot=0.02
�

T

10 K

�⇣
M

1 M�

⌘�2⇣
R

0.1 pc

⌘4�
⌦

10�14 s�1

�2 (5)

Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Turbulent Fragmentation and 
“Capture”

• Conditions for wide binary formation remain uncertain, but multiples tend 
to arise in cores that form from intersecting filamentary structures 
(Smullen,KMK+2020) 

• Partner swapping is common early, and orbits evolve very quickly, but not 
traditional “capture” (Lee, Offner, KMK+2019)ACCEPTED TO APJ 11/15/2019 17

Figure 14. Mass evolution and membership swapping for a quadruple star system from MU2. Left: Mass evolution of the four protostars.
Each protostar is given a unique color and symbol. When two protostars are identified as a binary, the sum of their masses is shown as a
double-colored line. Right: Two column density snapshots around 0.94 tff and 0.975 tff. Symbols match those from the left panel. We circle the
binaries identified in each output. In the latter density plot, the two most massive stars are labeled as bound with the remaining two stars paired
as a triple and fourth member.

Figure 15. Column density snapshots at t = 0.6, 0.8, and 1.0tff, from left to right, centered around a binary pair from MU8. Protostars are
labeled as circles. The binary’s separations shrink by several orders of magnitude over the course of a few hundred kyrs.

All multiples tend to evolve to smaller separations unless disrupted. Therefore, in general, closer pairs tend to contain older
stars. The left panel of Figure 17 shows the separations for objects that persist for either 0 kyr (initial), 1 kyr (a few outputs), 10
kyrs, and 100 kyrs. Similar to what is seen in Tobin et al. (2016b), younger objects span large and small separations, whereas
older objects tend to have smaller separations. The right panel shows the primordial separations for the same objects, displaying
the original separations for the same objects that last up to 100 kyrs. The objects that have separations  104 AU after 100 kyrs
almost entirely originated with orbits larger than 104 AU.

3.2.6. Evolution of binary separations

As protostars move through the cloud, they gravitationally draw gas toward themselves. Some of the gas gets accreted, but
some of this gas also falls into a dense wake behind the object and tugs back on the protostar. In the case of a binary orbit,
this wake torques the orbit to smaller separations while transferring angular momentum to the gas. The exact expression of this
dynamical friction force, as well as its effects on star clusters and orbits, has been extensively explored (e.g., Ostriker 1999; Bate
& Bonnell 1997; Stahler 2010; Lee & Stahler 2011, 2014; Antoni et al. 2019). Here we give a simple model that can demonstrate
how dynamical friction and mass accretion together can explain the evolution of binary orbits. Previous studies have considered
the effects of each of these mechanisms individually. For example, Bate & Bonnell (1997) and Bate (2000) considered how
accretion of mass and specific angular momentum changes the separation of binaries, while, e.g., Stahler (2010) considered how



How do disks become unstable? Typically 
by rapid accretion

• The outer regions of protostellar disks are mostly 
heated by stellar irradiation (not internal dissipation 
like many AGN), which fixes the temperature.  

• Optical depth, cooling, set by dust and overall 
metallicity (keep this in mind)
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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TABLE 1
MULTIPLICITY STATISTICS MEASURED FROM DIFFERENT SURVEYS

CBF (%) WBF (%) �trunc �trunc �trunc

Survey M1 ( M� ) N MF (%) TF (%) CF a < 10 au a = 102 - 104 au ea
all

(au) eain (au) a < 1 au a = 1 - 102 au a > 102 au
Fontanive et al. (2018) 0.019 - 0.058 47 8± 6 < 2 0.08± 0.06 8± 6 < 2 2.9± 1.1 - - 4.8± 2.2 -
Burgasser (2007) 0.05 - 0.08 162 15± 4a 0.6± 0.3 0.16± 0.04a - - - - - - -
Close et al. (2003) 0.080 - 0.095 39 19± 7a < 3 0.19± 0.07a 16± 6 < 3 3.7± 1.3 - - 3.3± 1.2 -
Allen et al. (2007) 0.06 - 0.15 361 20± 4 < 1 0.20± 0.04 14± 3 < 0.4 6.9± 1.4 - - 1.7± 0.5 -
Winters et al. (2019): 20 pc 0.075 - 0.15 185 19± 3 2.2± 1.1 0.21± 0.03 16± 3 0.5± 0.5 3.9± 1.2 3.1± 1.1 - - -
Winters et al. (2019): 20 pc 0.15 - 0.30 336 23± 2 3.6± 1.0 0.27± 0.03 14± 2 4.8± 1.2 10± 3 6± 2 - 0.7± 0.5 -
Winters et al. (2019): 20 pc 0.3 - 0.6 350 30± 2 6.3± 1.4 0.38± 0.03 15± 2 12± 2 26± 4 14± 3 - 0.1± 0.4 -
El-Badry et al. (2019) 0.1 - 0.4 5,220 - - - - - - - - - 0.4± 0.3

” 0.4 - 0.6 12,717 - - - - - - - - - �0.2± 0.3
” 0.6 - 0.8 9,542 - - - - - - - - - �0.9± 0.2
” 0.8 - 1.2 11,588 - - - - - - - - - �1.2± 0.2
” 1.2 - 2.5 3,238 - - - - - - - - - �1.3± 0.3

Raghavan et al. (2010) 0.75 - 1.25 454 46± 3 12± 2 0.60± 0.04 20± 2 22± 2 49± 6 29± 4 1.5± 0.5 0.2± 0.4 �1.0± 0.4
” 0.75 - 1.00 323 42± 3 - - - - - - - - -
” 1.00 - 1.25 131 50± 4 - - - - - - - - -

Tokovinin (2014b) 0.85 - 1.5 4,847 47± 3 14± 2 0.62± 0.04 24± 2 19± 2 31± 5 22± 4 1.7± 0.5 0.4± 0.4 �0.7± 0.4
De Rosa et al. (2014) 1.6 - 2.4 435 - - - - 28± 4 - - - �1.3± 0.4 �2.2± 0.4
Murphy et al. (2018) 1.4 - 2.3 2,224 - - - - - - - - �1.1± 0.3 -
Moe and Kratter (2019) 1.6 - 2.4 - 68± 7 25± 5 0.99± 0.13 37± 5 - 32± 8 13± 3 - - -
Moe and Di Stefano (2017)b 3 - 5 - 81± 6 36± 8 1.28± 0.17 46± 7 40± 6 28± 7 8± 2 0.5± 0.6 �1.0± 0.5 �1.3± 0.5
Moe and Di Stefano (2017)b 5 - 8 - 89± 5 45± 11 1.55± 0.24 54± 8 49± 7 25± 7 6.3± 1.5 0.3± 0.5 �1.7± 0.5 �2.2± 0.6
Moe and Di Stefano (2017)b 8 - 17 - 93± 4 57± 15 1.8± 0.3 61± 10 55± 8 23± 7 4.2± 1.1 0.1± 0.4 �1.6± 0.5 �1.9± 0.5
Sana et al.c 17 - 50 - 96± 4 68± 18 2.1± 0.3 70± 11 62± 9 19± 6 1.7± 0.5 �0.1± 0.5 �1.4± 0.4 �2.1± 0.5

NOTE.—All statistics are computed after correcting for incompleteness and removing systems with WD companions. (a): To measure MF and CF from the BD imaging surveys,
we add 4% to their reported resolved binary fractions to account for unresolved spectroscopic binaries. (b): A compilation of B-type multiplicity surveys, including Abt et al.
(1990), Shatsky and Tokovinin (2002), and Rizzuto et al. (2013). (c): From the combined Sana et al. (2012) and Sana et al. (2014) O star surveys.

Tokovinin (2017) examined the relative orbital orienta-
tions of visually resolved triples. For outer tertiaries beyond
aout > 1,000 au, they found an equal number of prograde
and retrograde orbits with respect to the inner binaries, sug-
gesting isotropic orientations. Meanwhile, the majority of
compact solar-type triples within aout < 50 au have pro-
grade configurations, demonstrating a high degree of align-
ment between the inner and outer orbits. Tokovinin (2017)
also found tentative evidence that triples become more mis-
aligned with increasing primary mass. Finally, Borkovits
et al. (2016) identified a large population of very compact
triples with aout < 10 au. All have mutual inclinations
within Imutual < 60�, about half of which are nearly copla-
nar with Imutual < 20�. We discuss the special implications
of triple star statistics for formation models in §3.3.3.

2.2.2. M-dwarfs
Frequencies: Building on the historical work of Fischer

and Marcy (1992), many subsequent studies have employed
a variety of detection techniques to fill in the multiplicity
parameter space of the most common stars in the galaxy
(Close et al. 2003; Gizis et al. 2003; Bouy et al. 2003;
Daemgen et al. 2007; Law et al. 2008; Bergfors et al. 2010;
Janson et al. 2012; Dieterich et al. 2012; Janson et al. 2014;
Ward-Duong et al. 2015). By combining previous samples
with their own imaging survey, Winters et al. (2019) pro-
vided the most complete census of the multiplicity statistics
for a 25-pc volume-limited sample of M-dwarfs primaries.
We split their sample into three mass intervals and focus
on the 20-pc subset that is relatively complete (see their
Figs. 19-20 and results in our Table 1). The multiplicity
fraction, triple fraction, and median companion separation
all increase with primary mass within the M-dwarf regime
(see Figs. 1-3). As shown in Fig. 4, the wide binary frac-
tion dramatically increases from 1% to 12% across primary

masses 0.1 - 0.5 M�. In Fig. 2, we plot the separation dis-
tribution of early-M (M1 = 0.4 - 0.6 M�) and late-M (M1 =
0.075 - 0.15 M�) binaries from the 20-pc subset of Winters
et al. (2019) along with their best-fit lognormal distributions
(see Table 2 for parameters).

Fig. 3.— Median separations of all companions (thick black) and
of inner binaries only (thin green) as a function of primary mass.
Metal-poor solar-type binaries are skewed toward smaller separa-
tions (blue) while metal-rich solar-type binaries favor longer pe-
riods (red). A significant fraction of massive stars are in triples,
so their inner binary distributions are substantially skewed toward
shorter separations compared to all companions.

Winters et al. (2019) excluded both BD and WD com-
panions from their reported multiplicity statistics but kept
records of such systems in their sample. The fraction of M-
dwarfs within 20-pc that have observed BD companions is
only 2%, which increases slightly to 4% after accounting
for incompleteness. Whether or not BD companions are in-
cluded, the multiplicity fraction of late-M dwarfs is lower

5

Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

Fig. 1.— Bias-corrected multiplicity fraction (top), triple frac-
tion (middle), and companion frequency (bottom) of MS stars.
All increase monotonically with primary mass. See Table 1 for
detailed references.

highlight a few instances where inclusion versus exclusion
of BD or white dwarf (WD) companions can alter the re-
ported MF. For example, about 20% of companions within
a < 10 au of AFG primaries are WDs (Moe and Di Stefano
2017; Murphy et al. 2018), and nearly 30% of OB stars are
the products of binary evolution (de Mink et al. 2013). In
order to compare field MS multiplicity statistics to their pre-
MS counterparts, we exclude evolved stars or systems with
WD companions when possible.

Historically, the mass-ratio distribution has been approx-
imated by a single power-law fq / q

� across 0 < q < 1,
but larger samples indicate that up to three parameters may
be required to accurately fit the distributions (Duchêne and
Kraus 2013; Moe and Di Stefano 2017; El-Badry et al.
2019). For this review, we wish to easily compare trends,
even if the samples are small or incomplete toward small
mass ratios. We therefore fit a simplified power-law slope
�trunc across the truncated interval 0.4 < q < 1 where all the
compiled surveys are complete. Table 1 and Fig. 5 present

our fitted values of �trun as a function of primary mass and
orbital separation.

2.2. Multiplicity Statistics versus Primary Mass
We first discuss the multiplicity statistics of solar-type

stars to serve as a reference frame when comparing later
and earlier spectral types. Note that some spectral types
have less complete information.

2.2.1. FGK dwarfs
Frequencies: About half of field FGK primaries have

MS companions, which follow a broad lognormal separa-
tion distribution peaking near eaall = 40 au (Duquennoy and
Mayor 1991; Raghavan et al. 2010; Tokovinin 2014a, see
Figs. 1 - 4). In addition to plotting the separation distribu-
tion directly from the Raghavan et al. (2010) data in Fig. 2,
we also display a lognormal fit to flog a, where the fit pa-
rameters are listed in Table 2.

Across close and intermediate separations, the binary
fraction of FGK MS stars in young open clusters are consis-
tent with their field MS counterparts (Bouvier et al. 1997;
Patience et al. 2002; Elliott et al. 2014; Deacon and Kraus
2020; Torres et al. 2021). The CBFs measured in old open
clusters also match the field values, albeit the cluster cores
exhibit a substantial excess of binaries due to mass segrega-
tion (Geller and Mathieu 2012; Geller et al. 2021b). Mean-
while, Gaia observations reveal a deficit of wide binaries in
open clusters, especially those with higher stellar densities,
which is likely due to dynamical disruptions (Deacon and
Kraus 2020; Niu et al. 2020).

Mass Ratios: The overall mass-ratio distribution of
solar-type binaries is roughly uniform, but closer solar-type
binaries favor more equal masses (Duquennoy and Mayor
1991; Raghavan et al. 2010; Tokovinin 2014b; Moe and
Di Stefano 2017, see Fig. 5). Specifically, FGK binaries
across close and intermediate separations exhibit a 30% and
10% excess fraction of twins with q > 0.95, respectively,
relative to the underlying uniform distribution (Lucy and
Ricco 1979; Tokovinin 2000; Moe and Di Stefano 2017).
These observations suggest that solar-type binaries within
a < 200 au coevolved in a shared mass reservoir, perhaps
a circumbinary disk (see §3.2). El-Badry et al. (2019) also
found that wide binaries exhibit a very small but statistically
significant excess twin fraction, suggesting some wide com-
panions originated from intermediate separations but then
were subsequently dynamically widened. Aside from the
excess twins, solar-type binaries beyond a > 200 au are
skewed toward smaller mass ratios, but their distribution is
still top-heavy compared to random pairings drawn from
the IMF (Lépine and Bongiorno 2007; Moe and Di Stefano
2017; El-Badry et al. 2019). Together, these mass correla-
tions all indicate that binaries must form before the compo-
nent stars obtain their final masses.

There is a dearth of BD companions within a < 0.5 au
to solar-type primaries, which is commonly called the BD
desert (Grether and Lineweaver 2006; Csizmadia et al.
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Fig. 1.— Bias-corrected multiplicity fraction (top), triple frac-
tion (middle), and companion frequency (bottom) of MS stars.
All increase monotonically with primary mass. See Table 1 for
detailed references.

highlight a few instances where inclusion versus exclusion
of BD or white dwarf (WD) companions can alter the re-
ported MF. For example, about 20% of companions within
a < 10 au of AFG primaries are WDs (Moe and Di Stefano
2017; Murphy et al. 2018), and nearly 30% of OB stars are
the products of binary evolution (de Mink et al. 2013). In
order to compare field MS multiplicity statistics to their pre-
MS counterparts, we exclude evolved stars or systems with
WD companions when possible.

Historically, the mass-ratio distribution has been approx-
imated by a single power-law fq / q

� across 0 < q < 1,
but larger samples indicate that up to three parameters may
be required to accurately fit the distributions (Duchêne and
Kraus 2013; Moe and Di Stefano 2017; El-Badry et al.
2019). For this review, we wish to easily compare trends,
even if the samples are small or incomplete toward small
mass ratios. We therefore fit a simplified power-law slope
�trunc across the truncated interval 0.4 < q < 1 where all the
compiled surveys are complete. Table 1 and Fig. 5 present

our fitted values of �trun as a function of primary mass and
orbital separation.

2.2. Multiplicity Statistics versus Primary Mass
We first discuss the multiplicity statistics of solar-type

stars to serve as a reference frame when comparing later
and earlier spectral types. Note that some spectral types
have less complete information.

2.2.1. FGK dwarfs
Frequencies: About half of field FGK primaries have

MS companions, which follow a broad lognormal separa-
tion distribution peaking near eaall = 40 au (Duquennoy and
Mayor 1991; Raghavan et al. 2010; Tokovinin 2014a, see
Figs. 1 - 4). In addition to plotting the separation distribu-
tion directly from the Raghavan et al. (2010) data in Fig. 2,
we also display a lognormal fit to flog a, where the fit pa-
rameters are listed in Table 2.

Across close and intermediate separations, the binary
fraction of FGK MS stars in young open clusters are consis-
tent with their field MS counterparts (Bouvier et al. 1997;
Patience et al. 2002; Elliott et al. 2014; Deacon and Kraus
2020; Torres et al. 2021). The CBFs measured in old open
clusters also match the field values, albeit the cluster cores
exhibit a substantial excess of binaries due to mass segrega-
tion (Geller and Mathieu 2012; Geller et al. 2021b). Mean-
while, Gaia observations reveal a deficit of wide binaries in
open clusters, especially those with higher stellar densities,
which is likely due to dynamical disruptions (Deacon and
Kraus 2020; Niu et al. 2020).

Mass Ratios: The overall mass-ratio distribution of
solar-type binaries is roughly uniform, but closer solar-type
binaries favor more equal masses (Duquennoy and Mayor
1991; Raghavan et al. 2010; Tokovinin 2014b; Moe and
Di Stefano 2017, see Fig. 5). Specifically, FGK binaries
across close and intermediate separations exhibit a 30% and
10% excess fraction of twins with q > 0.95, respectively,
relative to the underlying uniform distribution (Lucy and
Ricco 1979; Tokovinin 2000; Moe and Di Stefano 2017).
These observations suggest that solar-type binaries within
a < 200 au coevolved in a shared mass reservoir, perhaps
a circumbinary disk (see §3.2). El-Badry et al. (2019) also
found that wide binaries exhibit a very small but statistically
significant excess twin fraction, suggesting some wide com-
panions originated from intermediate separations but then
were subsequently dynamically widened. Aside from the
excess twins, solar-type binaries beyond a > 200 au are
skewed toward smaller mass ratios, but their distribution is
still top-heavy compared to random pairings drawn from
the IMF (Lépine and Bongiorno 2007; Moe and Di Stefano
2017; El-Badry et al. 2019). Together, these mass correla-
tions all indicate that binaries must form before the compo-
nent stars obtain their final masses.

There is a dearth of BD companions within a < 0.5 au
to solar-type primaries, which is commonly called the BD
desert (Grether and Lineweaver 2006; Csizmadia et al.
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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TABLE 1
MULTIPLICITY STATISTICS MEASURED FROM DIFFERENT SURVEYS

CBF (%) WBF (%) �trunc �trunc �trunc

Survey M1 ( M� ) N MF (%) TF (%) CF a < 10 au a = 102 - 104 au ea
all

(au) eain (au) a < 1 au a = 1 - 102 au a > 102 au
Fontanive et al. (2018) 0.019 - 0.058 47 8± 6 < 2 0.08± 0.06 8± 6 < 2 2.9± 1.1 - - 4.8± 2.2 -
Burgasser (2007) 0.05 - 0.08 162 15± 4a 0.6± 0.3 0.16± 0.04a - - - - - - -
Close et al. (2003) 0.080 - 0.095 39 19± 7a < 3 0.19± 0.07a 16± 6 < 3 3.7± 1.3 - - 3.3± 1.2 -
Allen et al. (2007) 0.06 - 0.15 361 20± 4 < 1 0.20± 0.04 14± 3 < 0.4 6.9± 1.4 - - 1.7± 0.5 -
Winters et al. (2019): 20 pc 0.075 - 0.15 185 19± 3 2.2± 1.1 0.21± 0.03 16± 3 0.5± 0.5 3.9± 1.2 3.1± 1.1 - - -
Winters et al. (2019): 20 pc 0.15 - 0.30 336 23± 2 3.6± 1.0 0.27± 0.03 14± 2 4.8± 1.2 10± 3 6± 2 - 0.7± 0.5 -
Winters et al. (2019): 20 pc 0.3 - 0.6 350 30± 2 6.3± 1.4 0.38± 0.03 15± 2 12± 2 26± 4 14± 3 - 0.1± 0.4 -
El-Badry et al. (2019) 0.1 - 0.4 5,220 - - - - - - - - - 0.4± 0.3

” 0.4 - 0.6 12,717 - - - - - - - - - �0.2± 0.3
” 0.6 - 0.8 9,542 - - - - - - - - - �0.9± 0.2
” 0.8 - 1.2 11,588 - - - - - - - - - �1.2± 0.2
” 1.2 - 2.5 3,238 - - - - - - - - - �1.3± 0.3

Raghavan et al. (2010) 0.75 - 1.25 454 46± 3 12± 2 0.60± 0.04 20± 2 22± 2 49± 6 29± 4 1.5± 0.5 0.2± 0.4 �1.0± 0.4
” 0.75 - 1.00 323 42± 3 - - - - - - - - -
” 1.00 - 1.25 131 50± 4 - - - - - - - - -

Tokovinin (2014b) 0.85 - 1.5 4,847 47± 3 14± 2 0.62± 0.04 24± 2 19± 2 31± 5 22± 4 1.7± 0.5 0.4± 0.4 �0.7± 0.4
De Rosa et al. (2014) 1.6 - 2.4 435 - - - - 28± 4 - - - �1.3± 0.4 �2.2± 0.4
Murphy et al. (2018) 1.4 - 2.3 2,224 - - - - - - - - �1.1± 0.3 -
Moe and Kratter (2019) 1.6 - 2.4 - 68± 7 25± 5 0.99± 0.13 37± 5 - 32± 8 13± 3 - - -
Moe and Di Stefano (2017)b 3 - 5 - 81± 6 36± 8 1.28± 0.17 46± 7 40± 6 28± 7 8± 2 0.5± 0.6 �1.0± 0.5 �1.3± 0.5
Moe and Di Stefano (2017)b 5 - 8 - 89± 5 45± 11 1.55± 0.24 54± 8 49± 7 25± 7 6.3± 1.5 0.3± 0.5 �1.7± 0.5 �2.2± 0.6
Moe and Di Stefano (2017)b 8 - 17 - 93± 4 57± 15 1.8± 0.3 61± 10 55± 8 23± 7 4.2± 1.1 0.1± 0.4 �1.6± 0.5 �1.9± 0.5
Sana et al.c 17 - 50 - 96± 4 68± 18 2.1± 0.3 70± 11 62± 9 19± 6 1.7± 0.5 �0.1± 0.5 �1.4± 0.4 �2.1± 0.5

NOTE.—All statistics are computed after correcting for incompleteness and removing systems with WD companions. (a): To measure MF and CF from the BD imaging surveys,
we add 4% to their reported resolved binary fractions to account for unresolved spectroscopic binaries. (b): A compilation of B-type multiplicity surveys, including Abt et al.
(1990), Shatsky and Tokovinin (2002), and Rizzuto et al. (2013). (c): From the combined Sana et al. (2012) and Sana et al. (2014) O star surveys.

Tokovinin (2017) examined the relative orbital orienta-
tions of visually resolved triples. For outer tertiaries beyond
aout > 1,000 au, they found an equal number of prograde
and retrograde orbits with respect to the inner binaries, sug-
gesting isotropic orientations. Meanwhile, the majority of
compact solar-type triples within aout < 50 au have pro-
grade configurations, demonstrating a high degree of align-
ment between the inner and outer orbits. Tokovinin (2017)
also found tentative evidence that triples become more mis-
aligned with increasing primary mass. Finally, Borkovits
et al. (2016) identified a large population of very compact
triples with aout < 10 au. All have mutual inclinations
within Imutual < 60�, about half of which are nearly copla-
nar with Imutual < 20�. We discuss the special implications
of triple star statistics for formation models in §3.3.3.

2.2.2. M-dwarfs
Frequencies: Building on the historical work of Fischer

and Marcy (1992), many subsequent studies have employed
a variety of detection techniques to fill in the multiplicity
parameter space of the most common stars in the galaxy
(Close et al. 2003; Gizis et al. 2003; Bouy et al. 2003;
Daemgen et al. 2007; Law et al. 2008; Bergfors et al. 2010;
Janson et al. 2012; Dieterich et al. 2012; Janson et al. 2014;
Ward-Duong et al. 2015). By combining previous samples
with their own imaging survey, Winters et al. (2019) pro-
vided the most complete census of the multiplicity statistics
for a 25-pc volume-limited sample of M-dwarfs primaries.
We split their sample into three mass intervals and focus
on the 20-pc subset that is relatively complete (see their
Figs. 19-20 and results in our Table 1). The multiplicity
fraction, triple fraction, and median companion separation
all increase with primary mass within the M-dwarf regime
(see Figs. 1-3). As shown in Fig. 4, the wide binary frac-
tion dramatically increases from 1% to 12% across primary

masses 0.1 - 0.5 M�. In Fig. 2, we plot the separation dis-
tribution of early-M (M1 = 0.4 - 0.6 M�) and late-M (M1 =
0.075 - 0.15 M�) binaries from the 20-pc subset of Winters
et al. (2019) along with their best-fit lognormal distributions
(see Table 2 for parameters).

Fig. 3.— Median separations of all companions (thick black) and
of inner binaries only (thin green) as a function of primary mass.
Metal-poor solar-type binaries are skewed toward smaller separa-
tions (blue) while metal-rich solar-type binaries favor longer pe-
riods (red). A significant fraction of massive stars are in triples,
so their inner binary distributions are substantially skewed toward
shorter separations compared to all companions.

Winters et al. (2019) excluded both BD and WD com-
panions from their reported multiplicity statistics but kept
records of such systems in their sample. The fraction of M-
dwarfs within 20-pc that have observed BD companions is
only 2%, which increases slightly to 4% after accounting
for incompleteness. Whether or not BD companions are in-
cluded, the multiplicity fraction of late-M dwarfs is lower
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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2.  Metal poor solar type stars have enhanced 
close binary fraction like more massive stars

Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.

4
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3. Field stars and PMS look 
very similar, especially close-in

Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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4. Something is “wonky” with AO samples of 
PMS binaries. Stay tuned, I trust the SB 

APOGEE sample.

Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and

↵vir�rot=0.02
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Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.

4



Once upon a time…Offner, Moe, Kratter, Sadavoy, Jensen & Tobin The Origin and Evolution of Multiple Star Systems

(a) Filament Fragmentation (b) Core Fragmentation (c) Disk Fragmentation (d) Capture

Δt ~ 0.5 Myr 
ΔL ~ 0.01 - 0.25 pc

0.2 Myr 
0.01 - 0.1 pc

0.1 Myr 
10 - 500  au

1 Myr 
< 1 pc  

100 au10,000 au

10,000 au

O
bs

er
va

tio
ns

Si
m

ul
at

io
ns

M
od

el
s

100 au

100 au

1,000 au

1,000 au 100 au

Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and
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Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and
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Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Fig. 5.— Power-law slope �trunc of the mass-ratio distribution
fitted across the truncated interval q = 0.4 - 1.0 for binaries with a

< 1 au (thick blue), a = 1 - 100 au (black), and a > 100 au (thin
red). Binaries become skewed toward equal masses with decreas-
ing primary mass and decreasing orbital separation. This trend is
not due to detection limits at low masses nor exclusions based on
hydrogen or deuterium burning limits.

They found an A-dwarf binary fraction of 14% across 0.6 -
3.5 au, double the G-dwarf value across the same separation
interval. Since the data remains incomplete, we use an in-
terpolation from Moe and Kratter (2019) to derive the full
bias-corrected multiplicity statistics for A-dwarfs across the
entire separation range (see Table 1 and Fig. 1).

Mass ratios: Across intermediate separations, A-dwarf
binaries peak near q = 0.3 and exhibit a very small but statis-
tically significant excess twin fraction (De Rosa et al. 2014;
Moe and Di Stefano 2017; Murphy et al. 2018). Mean-
while, wide A-type binaries are skewed toward even smaller
mass ratios but are still slightly top-heavy compared to ran-
dom pairings drawn from the IMF (De Rosa et al. 2014;
Moe and Di Stefano 2017).

2.2.5. B stars
Frequencies: Building on the groundbreaking work by

Abt et al. (1990), surveys of B-stars show binary fractions
that continue to rise with primary mass across all orbital
separations (Duchêne et al. 2001; Shatsky and Tokovinin
2002; Roberts et al. 2007; Rizzuto et al. 2013; Moe and
Di Stefano 2015b; Caballero-Nieves et al. 2020). Moe and
Di Stefano (2017) combined the data from spectroscopy,
eclipsing binaries, long-baseline interferometry, and adap-
tive optics to compute the statistics reported in Table 1.
Both the masses and companion frequencies of B stars span
a large interval, increasing from CF = 1.1 for 3M� pri-
maries to 1.9 for 16M� primaries (see Fig. 1).

The overall separation distribution of companions to
mid-B stars roughly follows Öpik’s law, i.e., uniform in
log a (Öpik 1924; Kouwenhoven et al. 2007; Kobulnicky

and Fryer 2007; Moe and Di Stefano 2017). Fig. 2 displays
flog a for q > 0.1 companions to 8 M� mid-B primaries as
reported in Moe and Di Stefano (2017). Early-B inner bina-
ries favor slightly shorter separations with a median of eain
⇡ 6 au (Rizzuto et al. 2013; Moe and Di Stefano 2013, see
Fig. 3).

Mass ratios: B-type binaries within a < 1 au fol-
low a uniform mass-ratio distribution (Abt et al. 1990;
Kobulnicky et al. 2014). Companions to B-type stars across
intermediate separations of a = 1 - 100 au peak near q

⇡ 0.3 (Rizzuto et al. 2013; Gullikson et al. 2016; Moe
and Di Stefano 2017), similar to their A-type counterparts.
Wide companions to B-type stars are substantially skewed
toward small mass ratios (�trunc ⇡ �2; see Fig. 5) but with
a slight flattening below q . 0.3 (Abt et al. 1990; Shatsky
and Tokovinin 2002; Moe and Di Stefano 2017).

2.2.6. O stars
Frequencies: The total multiplicity fraction of O stars is

MF > 90% and the companion frequency is CF = 2.1± 0.3
above q > 0.1 (see Figs. 1 - 4). Hence, the majority of
O stars are in triples and higher ordered multiples (TF =
68%± 18%). As with solar-type stars, these statistics de-
rive from a wide range of survey methods: spectroscopy,
interferometry, sparse aperture masking, AO, lucky imag-
ing, and common proper motion (Turner et al. 2008; Mason
et al. 2009; Sana et al. 2012; Chini et al. 2012; Kobulnicky
et al. 2014; Sota et al. 2014; Sana et al. 2014; Aldoretta
et al. 2015; Moe and Di Stefano 2017; Maı́z Apellániz et al.
2019; Caballero-Nieves et al. 2020). Given the high frac-
tion of triples, we display both the total and inner-binary
separation distributions in Fig. 2.

The statistics above describe O stars in young clusters.
In contrast, the ⇡ 20% of O stars that are runaway and/or in
the field exhibit a lower binary fraction (Mason et al. 2009;
Chini et al. 2012; Lamb et al. 2016). The multiplicity statis-
tics of older field and runaway O stars have been altered
by dynamical effects and/or binary evolution (Hoogerwerf
et al. 2001). Hence, we consider only cluster O stars, which
have multiplicity properties more similar to their primordial
distributions.

Mass Ratios: Spectroscopic and eclipsing binary sur-
veys of O stars reveal a fairly uniform mass-ratio dis-
tribution within a < 0.5 au but with a small excess
twin fraction (Pinsonneault and Stanek 2006; Sana et al.
2012; Kobulnicky et al. 2014; Moe and Di Stefano 2017).
Nonetheless, the excess twin fraction among O-type bi-
naries within a < 0.5 au is only 10%, which is lower
than the 30% excess twin fraction measured among solar-
type binaries across the same separation interval (Moe and
Di Stefano 2017). There is no excess twin fraction among
O-type binaries beyond a > 0.5 au (Sana et al. 2012). Simi-
lar to early-B binaries, the mass-ratio distribution of O-type
binaries beyond a > 100 au is skewed steeply toward small
mass ratios but with a flattening below q < 0.3 (Sana et al.
2014; Moe and Di Stefano 2017).
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Fig. 6.— Summary of proposed mechanisms for multiple formation. Top: model and the approximate range of timescales and length
scales over which each process occurs. Middle: proposed observational examples of each, where from left to right the images are B5
in Perseus (Pineda et al. 2015), SM1N in Ophiuchus (Kirk et al. 2017), L1448 IRS3B in Perseus (Reynolds et al. 2021) and RW Aur
(Rodriguez et al. 2018). Bottom: multiple systems in numerical simulations, in order left to right, from Offner et al. (2016), Guszejnov
et al. (2021), Bate (2018), and Muñoz et al. (2015).

ments within cores that host forming stars (Pineda et al.
2015, see Fig. 6). Core and filament fragmentation models
posit that stellar multiples arise from over-densities that de-
velop and collapse within these parent structures, producing
initially widely separated systems (& 500 au). Note that the
terms core and filament represent morphological descrip-
tions rather than physical definitions, and here, we define
over-densities with small aspect ratios (ra/rb < 3/1) as
cores and structures with higher aspect ratios as filaments.
However, we stress that these terms likely represent two
limits on a continuous spectrum of initial gas morphologies
and physical conditions rather than wholly distinct classes
of objects. Below we discuss different processes that regu-
late the fragmentation of these structures and the predicted
signatures of their formation.

3.1.1. Modes of fragmentation
Two proposed drivers of core fragmentation are rotation

and turbulence, which produce density and velocity asym-
metries. Velocity gradients observed in early observations
of dense cores (e.g., Goodman et al. 1993) highlighted the
importance of angular momentum in core evolution. Early
numerical simulations including solid body rotation demon-
strated that rapidly rotating, collapsing cores are prone to
fragmentation, thereby leading to binary formation (Larson

1972). Inutsuka and Miyama (1992) quantified the frag-
mentation criterion for rotating cores in terms of the initial
ratio of thermal to gravitational energy, ↵vir, and ratio of ro-
tational to gravitational energy, �rot, where ↵vir�rot > 0.12
produces fragmentation and

↵vir�rot=0.02
�

T

10 K

�⇣
M

1 M�

⌘�2⇣
R

0.1 pc

⌘4�
⌦

10�14 s�1

�2 (5)

Fragmentation also requires ↵<0.5, since thermal pres-
sure may otherwise prevent warm cores from fragmenting
(Tsuribe and Inutsuka 1999). These criterion are straight-
forward, but they fail to encapsulate much of the complexity
of real cores and thus is not readily extended to construct a
general theory of binary formation.

While recent, significant higher resolution core observa-
tions validate the prevalence of velocity gradients, current
interpretation of their physical meaning is more nuanced.
Gradients may instead signify core formation via converg-
ing flows (Chen et al. 2020) or represent the largest turbu-
lent fluctuation in the core (Goodwin et al. 2004). The latter
explanation suggests that turbulence, either directly or indi-
rectly, rather than rotation is responsible for multiple star
formation (see §3.1.3 for further discussion).

Most current star-formation theories appeal to turbu-
lence to trigger the growth of structure, including the for-
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Fig. 2.— Frequency flog a of companions per decade of orbital separation. Left: the separation distribution of MS binaries as a function
of spectral type and metallicity. Late-M (red; Winters et al. 2019), early-M (magenta; Winters et al. 2019), and FGK (black; Raghavan
et al. 2010) binaries follow lognormal distributions (dashed fits - see parameters in Table 2). The distribution of all companions to mid-B
(green; Moe and Di Stefano 2017) and O (blue; Sana et al. 2012, 2014) stars roughly follow Öpik’s law. The dotted blue line shows the
fit to inner binary companions to O stars, which skew significantly toward shorter separations. The close binary fraction of FGK dwarfs
increases significantly at low metallicity, shifting the median separation inward and the overall frequency upward (orange; Moe et al.
2019). Right: separation distribution of young solar-type binaries across different star-forming environments and classes, where we
display the FGK MS distribution (black) for reference. The MS distribution is well matched by the bias-corrected close binary fraction
within a < 10 au of Class II/III T Tauri stars inferred from spectroscopy (cyan; Kounkel et al. 2019). However, imaging surveys reveal
an excess of companions to pre-MS stars across a = 10 - 50 au in most environments, in conflict with the MS and Kounkel et al. (2019)
results. Across a = 100 - 5,000 au, the dense ONC exhibits a deficit of wide companions (magenta; Reipurth et al. 2007; Duchêne et al.
2018), intermediate density regions like Upper Scorpius are consistent with the field population (blue; Tokovinin and Briceño 2020),
and sparse, low-density Taurus shows a slight excess (orange; Kraus et al. 2011), suggesting field MS binaries derive from a mixture of
these environments. Class 0 protostars in Perseus and Orion (red; Tobin et al. 2021) and Class I protostars in various regions (green;
Connelley et al. 2008) exhibit a substantial excess of companions across a = 1,000 - 10,000 au.

2015). Meanwhile, across intermediate separations, the
roughly uniform mass-ratio distribution of solar-type bina-
ries extends down to the BD-planet boundary near Mcomp

= 13 MJ (Wagner et al. 2019; Nielsen et al. 2019). While
the multiplicity fractions of MS stars reported in Table 1 ex-
clude BD companions, only ⇡ 4% of solar-type stars have
BD companions, affecting the integrated multiplicity statis-
tics very little.

Eccentricities: Eccentricity distributions are typically
referenced to a thermal distribution defined as pe =
2e, where pe is the probability of given eccentricity e

(Ambartsumian 1937; Heggie 1975). The average e of
solar-type binaries increases with orbital separation, tran-
sitioning a from sub-thermal to thermal distribution near
200 au and to super-thermal beyond > 1,000 au (Tokovinin
and Kiyaeva 2016; Tokovinin 2020). The closest bina-
ries are impacted by tides. For MS stars with convec-
tive envelopes below the Kraft break (Te↵ < 6,200 K; M1

< 1.2 M�), binaries are tidally circularized below P .
8 days; above the Kraft break, only binaries within P .
2 days are fully circularized (Meibom and Mathieu 2005;

Abt 2006; Moe and Di Stefano 2017; Geller et al. 2021b;
Zanazzi and Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries are
in triples and higher order multiples (Tokovinin 2014b,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006). Beyond these periods, Tokovinin
(2014b) concluded that the joint distribution f(Pin, Pout)
of inner periods Pin and outer periods Pout is consistent
with both companions being independently drawn from the
same overall lognormal period distribution for solar-type bi-
naries, but with the added constraint of dynamical stabil-
ity. Various theoretical studies have proposed slightly dif-
ferent criteria for dynamical stability in triples (Mardling
and Aarseth 2001; Georgakarakos 2008). Based on their
sample of solar-type triples with reliable orbital solutions,
Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
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Wide binaries Migrate due to 
dynamical friction with the gas
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Figure 18. Comparing the semi-major axis versus time for two evolving binaries, one from MU8 (left) and from MU32 (right). The data is
shown in black. The smooth, red curves show the dynamical friction and mass accretion model from Section 3.2.6.

Given an initial value for a, Equation (23) gives a first-order differential equation for the evolution of the semi-major axis. With
gas either torquing away angular momentum from the orbit (L̇ < 0) or being accreted (ṁi > 0). The right-hand side of this
equation is always negative–i.e., the orbit will shrink. We write the angular momentum derivative as L̇ =~r1 ⇥ ~F1,DF +~r2 ⇥ ~F2,DF,
where ~FDF is the expression for the dynamical friction force and ~ri is the position vector from the pair’s center of mass to the
individual particle. This expression assumes that torque arises only from gravitational interactions with the gas. We assume
the accreted gas carries negligible angular momentum, an assumption we justify below. For the dynamical friction force, we
quantify its magnitude using ~FDF = -ṁp~vrel, where vrel is the relative velocity between the gas and the protostar. This is the form
used in Lee & Stahler (2011), who found a connection between the overall mass accretion and the strength of the wake in the
case of accreting point-like particles. Other expressions for the friction force (e.g., Ostriker et al. 1999) have different functional
forms for this force but are similar to order-of-magnitude. Given the simplicity of the above expression, we use it for ~FDF in this
model.

To compare the simulation results with this model, we estimate the mass derivatives using a smoothed function mi(t), derived
from the simulation data for each protostar. The relative velocity is calculated by measuring the mass-weighted velocity of the
gas in a sphere of radius 500 AU around each star and the star particle’s velocity. Figure 18 shows two examples that compare
our model to the actual semi-major axis evolution from the simulations. The left example is the same binary from Figure 15. The
biggest discrepancy between the model and the data is at the start of the orbital decay, where the separation drops precipitously.
This is to be expected, since at the time of formation the protostars have not settled into an orbit and the circular orbit assumption
of Equation (23) is poor. At late times the separations are comparable or smaller than the resolution of our grid and therefore
may not be accurate. While the sink particles in ORION2 move independently of the grid, the gas in the sink’s accretion zone is
altered through accretion. Additionally, in the case of the MU8 example, the binary has a close encounter with another star and
is disrupted at times shortly after the data from the plot ends.

The relative importance of mass accretion and dynamical friction changes as the binarys’ orbit shrink and the protostars grow.
The terms on the right-hand side of Equation (23) can be broken up into a dynamical friction term and two mass accretion terms.
Figure 19 displays the ratio of these terms for the MU8 binary. The time axis is shared with the left panel of Figure 18. At early
times, mass accretion dominates the evolution even though there is a larger relative velocity between the gas and the protostars.
At this point in the evolution, the protostars are small and the ratios ṁi/mi are large. At later times, dynamical friction dominates
the orbital evolution despite the fact that the relative velocity between the protostars and the gas has decreased. This decrease
arises because the conservation of angular momentum during collapse has spun up both the binary and the gas similarly (e.g.,
Figure 15 shows the formation of a large circumbinary disk after the binary’s orbit has shrunk). Nonetheless, the sinks have
grown in mass and the mass accretion terms affect the orbit less than dynamical friction.

In this model, we assumed the accreted gas carried a negligible amount of angular momentum. As a result, torque from the
gas and accretion both decreased the orbital separation over time. This agrees with Bate & Bonnell (1997), who developed a
similar model to the one above. They find that the accretion of gas with low specific angular momentum decreases the orbit over
time. As the specific angular momentum of the gas increases, gas first settles onto a circumstellar disk before being accreted
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Disk migration is more 
complex: it can go both waysOutward Migration of Super-Jupiters 3

mass ratio (q); in particular, it is independent of Ṁ and
hence of disk mass.

2.1. Boundary Conditions

The main di↵erence between the simulations in DLL
and those done by other groups is the boundary con-
ditions. Conventionally, the disk is fixed to its initial
profile at the boundaries. But that does not allow the
disk to relax to a steady-state profile that is indepen-
dent of the boundary locations. Instead, at our outer
boundary the disk is fed with a constant Ṁ by using
the analytic solution for a steady-state disk beyond the
zone where the waves have damped. That solution per-
mits a pile-up or deficit of gas beyond the planet’s orbit.
And at the inner boundary, material is drained with-
out injecting angular momentum, which allows the disk
there to reach the surface density profile of a free steady
disk, which has Ṁ = 3⇡⌫⌃. In practice, this is done
by setting ⌫⌃ to be constant across the inner boundary
(see also the discussion of the inner boundary condition
in Dempsey et al. 2020b). Our boundary conditions are
valid whether or not the Type II hypothesis is correct.
If it is correct, i.e., if no material crosses the planet’s or-
bit, then the inner disk in our simulations would drain
away, and the outer pile-up would continually grow. In-
stead, we find the disk reaches viscous steady state, with
a constant flow past the planet.
Our boundary conditions here di↵er from DLL in one

significant way: we enforce the outer boundary condition
in the barycentric frame (see Appendix B for details).
If we instead use the stellocentric frame, we find that
the indirect terms generate an artificial eccentricity near
the outer boundary—an e↵ect that was less pronounced
in DLL because of the smaller mass planets considered
there. In many of these new simulations, the disks are
found to be eccentric. But in all cases, the eccentricity
near the outer boundary is su�ciently small that it is
appropriate to treat orbits there as circular around the
barycenter (e.g., Figure 3 below).
For most of our simulations, we place the computa-

tional boundaries at rin = 0.3rp and rout = 12rp, where
rp is the planet’s orbital radius. To prevent wave re-
flections near the inner boundary, we place wave-killing
region between r = [0.3rp, 0.4rp]2. Our method of wave-
killing preserves angular momentum (DLL), and so cap-
tures all of the torque injected by the planet in the com-
putational domain. Wave-killing is unnecessary at the

2
Our simulations with highest h have a smaller inner bound-

ary: rin = 0.1rp, and wave-killing up to r = 0.2rp, because wave

deposition extends further at high h.

Figure 1. Parameters covered by our simulations. We denote
the resulting direction of planet migration with a plus sign for
outward migration, and a minus sign for inward. Diagonal
lines have constant K = q2/(↵h5).

distant outer boundary, because waves dissipate before
reaching it.

3. RESULTS

3.1. Planet Migration and Disk Eccentricity

We run simulations with the q, ↵, and h values shown
in Figure 1. Each simulation is run until the time- and
azimuthally-averaged Ṁ(r) profile is spatially constant
to within < 10% (see Appendix C). In many of the simu-
lations, �T does not reach a constant, but instead varies
quasi-periodically in steady state (see Figure 5). As dis-
cussed below, the quasi-periodicity is associated with the
disk being eccentric and apsidally precessing.
Convergence typically takes up to seven viscous times,

evaluated at rp. The simulations are computationally
expensive both because we run for a number of viscous
times, and because some disks become eccentric, which
forces the time-step to be smaller. For example, on a
single P100 GPU, one viscous time at rp takes ⇠ 20
days of wall-time for our lowest ↵ simulations.
In Figure 1, we plot a plus or minus sign to indicate the

direction of the planet’s migration. At each h, the tran-
sition between inward and outward migration is roughly
determined by the value of K ⌘ q2/(↵h5), with the crit-
ical value of K depending on h. We note that K is equal
to the ratio of the one-sided torque in the absence of a
gap (/ q2/h3) to the viscous torque (/ ↵h2) (Lin &
Papaloizou 1986; Du↵ell & MacFadyen 2013; Kanagawa
et al. 2015), and is found in simulations to set the gap
depth when q . 10�3 (Du↵ell & MacFadyen 2013; Fung
et al. 2014; Kanagawa et al. 2017).
The migration rate is obtained by angular momentum

conservation, 1
2Mp`pṙp/rp = ��T , where Mp is planet

Dempsey+2021
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Fig. 7.— Left: Separation distribution for protostars in Perseus, fit to solar-type field stars and semi-major axis distributions for
protostars in molecular cloud simulations with different conditions. The number of separations in each bin are normalized by the total
number of singles and separations in each dataset. The curve labeled by “Li ea 2018 2D sep” shows the projected 2D separations of
systems identified using the method of Tobin et al. (2021) (see also the last column of Table 3). Right: Multiplicity fraction as a function
of primary system mass. Shading indicates bin ranges and binomial uncertainties. The black points show the bias-corrected MF for field
stars (see also Table 1.)

not guarantee multiple formation, however, since the ob-
jects must also be self-gravitating and undergoing collapse.
Current literature tends to define any compact emission that
is detected within a starless core using interferometry as
substructure. The presence of two or more substructures
suggests that the core is undergoing the first phase of col-
lapse with possible incipient multiple formation, which is
our main focus here. This section highlights recent studies
searching for substructures in starless cores and discusses
the challenges involved in these observations and in identi-
fying candidate forming multiple systems.

At the time of Protostars & Planets VI, surveys of star-
less cores had found few cases of substructure toward star-
less cores (Schnee et al. 2010, 2012; Lee et al. 2013). These
non-detections placed upper limits on substructure masses
of ⇠0.1M�. Deeper studies of a few objects successfully
detected substructure: L 183 (Kirk et al. 2009), R CrA
SMM1 A (Chen and Arce 2010), Oph A SM1 (a region that
has since been identified as protostellar, see §4.3.1), and
Oph B2-N5 (Nakamura et al. 2012). These deeper stud-
ies estimated substructure masses of ⇠0.001�0.01M� on
sub-1000 au scales, in agreement with the earlier non-
detections.

ALMA has since enabled large surveys of starless cores
on sub-1000 au scales and down to the mass sensitivities
of ⇠0.001M� that are necessary to detect substructure
(Dunham et al. 2016; Kirk et al. 2017), as well as detections
toward targeted starless cores (Friesen et al. 2018; Caselli
et al. 2019). Dunham et al. (2016) found no substructure in
56 starless cores in Chameleon, whereas Kirk et al. (2017)
found evidence of only two out of 37 starless cores in Ophi-
uchus. The substructures detected by Kirk et al. (2017)
include multiple density peaks in Oph A SM1N (see Fig-
ure 6 and Friesen et al. 2018) and a single substructure in
L1689N, a starless core to the east of the famous IRAS
16293-2422 region (Lis et al. 2016). Oph B2-N5 was not

detected by Kirk et al. (2017), however, likely due to a com-
bination of lower sensitivities at long wavelengths and loss
of emission from spatial filtering compared to Nakamura
et al. (2012). Finally, Caselli et al. (2019) detected multiple
density peaks in the starless core L1544.

The relatively low substructure detection rate in starless
cores implies that the cores have not reached sufficiently
high central densities (possibly because collapse is not oc-
curring) or that the timescale over which the substructure
is detectable before protostar formation is short. Kirk et al.
(2017) reasoned that if the typical starless core lifetime is
comparable to the free-fall time then two detections in 37
starless cores implies a substructure timescale on order of
5 kyr assuming a central density of 105 cm�3. Dunham
et al. (2016) used synthetic observations of MHD simula-
tions of turbulent cores and Bonnor-Ebert sphere models
to constrain the likelihood of detection. They found that
substructure is only detectable at their survey resolution to-
ward the end of the starless stage (after >0.1 Myr) when the
central density exceeds ⇠107 cm�3, i.e., when the free-fall
time itself is less than 10 kyr.

Assuming typical core properties and that cores frag-
ment on their free-fall timescale, Dunham et al. (2016) ex-
pected roughly two cores in the Chameleon sample to show
substructure. Most of these cores, however, are gravita-
tionally unbound, suggesting they are less evolved and thus
less likely to contain substructure. It is possible some will
not collapse to form stars at all. By contrast, the cores in
Ophiuchus are denser, likely more evolved and therefore
are more likely to contain substructure (Kirk et al. 2017).
Given the short timescales during which high densities are
present prior to protostar formation and the large fraction of
unbound cores in star-forming regions, detecting substruc-
ture in starless cores is challenging even with ALMA. Fu-
ture studies will require large samples of cores or targeted
observations of starless cores. Moreover, these studies must
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Morphology is 
not enough…

5628 M. R. Bate

Figure 6. Time sequence showing the fragmentation of the massive disc around sink particle 41. In panels 2–4 three potential fragments merge into a single
object before it collapses to a stellar core (sink number 76). Two more fragments at the top right of the fourth panel eventually collapse to stellar cores (sink
numbers 83, 89) and these pair up with 76 and 41, respectively to produce a quadruple system consisting of two pairs: (41,89),(76,83). The fifth sink (number
135, visible in the last two panels) is eventually ejected from the system. Sink particles are plotted as white filled circles that have radii 10 times larger than
the actual sink particle accretion radius.

resulting from the triple merger does then undergo the second col-
lapse phase and is replaced by a sink particle (protostar number
76) producing a binary (fifth panel). The two outer fragments also
collapse and are replaced by sink particles (protostar numbers 83
and 89). Protostar 83 forms a tight pair with protostar 76, while the
other forms a tight pair with protostar 41, resulting in a hierarchical
quadruple system (panels 6–8). In the meantime a further protostar
has formed from the largest arm, resulting in a pentuple system.

As the second example, in Fig. 7 we show a time sequence of
the evolution of the massive disc surrounding the binary system
composed of protostar numbers 122 and 123. These form from two
separate, but nearby, condensations (first panel) and quickly form a
binary which accretes a circumbinary disc (second and third pan-
els). This disc is gravitationally unstable (disc mass ≈0.15 M",
protostellar masses 0.12, 0.10 M", respectively, at t = 216 000 yr)
and fragments to produce two additional protostars which arrange
into a hierarchical triple system with a fourth outer component
(panels 5–7). The subsequent evolution is complicated by the infall
of protostar number 150, which formed separately from the sys-
tem and a mutual star–disc encounter with protostar number 159
produces a tight pair which is bound to the triple. Meanwhile an
additional protostar has formed from a gravitationally unstable arm
of the circum-multiple disc (panels 7 and 8), resulting in a sextuple
system overall.

4.2 Evolution of disc orientation

After a protostellar system has formed, it can continue to accrete
further gas from the cloud. Since the cloud is turbulent, the orienta-
tion of the angular momentum of this additional gas relative to the
protostellar system may be very different from the orientation of
the angular momentum that originally produced the system. In Sec-
tion 3.1 we saw how this could also produce a disc in which the inner
and outer parts of the disc had different orientations. However, in

the simulation discussed in this paper, a much more common affect
is that substantial accretion can reorientate the plane of a disc. Bate,
Lodato & Pringle (2010) investigated how the accretion of such
material may lead to stellar spins being misaligned with planetary
orbital planes, potentially explaining observations of misaligned
exoplanet systems (see also Fielding et al. 2015).

There are at least 10 examples in the simulation of disc orienta-
tions being changed by accretion. In Fig. 8, we show a time sequence
of one of these – the disc surrounding the single protostar, number
40. Between the first two panels, it can be seen that accretion rotates
the disc plane clockwise in the figure by about 20◦. Then the effect
reverses, and most of the remainder of the simulation, the disc plane
rotates anticlockwise. Between the second panel and the last panel,
the angular momentum vector of the disc rotates by approximately
220◦! During the period from 195 000 to 223 000 yr, the disc mass
remains between 0.5 and 0.7 M" but the mass of the star increases
from 0.4 to 2.5 M". This clearly demonstrates that the orientation
of protostellar discs can be altered dramatically by accretion in such
a chaotic environment. Such reorientation would also be expected
to alter the direction of a protostellar jet (see also Bate et al. 2010).

4.3 Disc erosion and discs renewed by accretion

Many protostars in the simulation have their discs eroded or trun-
cated either by ram-pressure stripping as they quickly move through
dense molecular cloud material, or when they have dynamical en-
counters with other protostars. There are at least two dozen ex-
amples of such disc erosion which can be seen in the animation.
In some of these a smaller, resolved disc survives, but in many
the discs are stripped away completely due to the finite numerical
resolution of the calculations. In reality, the cases in the calcula-
tion in which the discs are stripped entirely would be expected to
retain small, low-mass discs. However, with sink particle accre-
tion radii of 0.5 au and the SPH resolution length scaling with
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These simulations obtained resolutions of 25–50 au, which is
sufficient to resolve turbulent fragmentation of cores but not the
vertical structures of accretion disks. By choosing this
resolution, we are able to determine the role turbulent
fragmentation and dynamical evolution together play in the
multiplicity of protostars. Our simulations show that both wide-
orbit and short-period binaries can originate through these
mechanisms. The observed bimodal distribution of binary
separations, with peaks around ∼100 and ∼3000 au (Tobin
et al. 2016b), has typically been interpreted as displaying two
separate formation mechanisms. Instead, we have shown that
both peaks include multiples that formed through turbulent
fragmentation and evolution. That said, in our simulations,
turbulent fragmentation does not reproduce this bimodal peak
alone; disk fragmentation may still be necessary for shorter-
period binaries. Additionally, older star-forming regions show
a single-peaked broad distribution of separations, which is also
consistent with a blurring of these two mechanisms. Finally, the
location of the second peak in Tobin et al. (2016b) appears to
be located beyond 104 au—however, some care must be taken

with this interpretation, since interloper miscategorization is
also most common at these distances (Figure 20).
Our Figure 16(a) shows a snapshot of a triple star system.

Figure 1 of Tobin et al. (2016a) displayed a circumbinary disk
that appears to have fragmented to form a third companion
several 100 au away from the primarily pair. A direct
comparison between these figures reveals a strong similarity
in structure, except that our physical scale is larger by a factor
of ∼3.10 In our case, an outer third member migrated inward to
these separations after forming beyond 104 au from the central
pair. It did not form within the developing disk around the
central binary. This figure demonstrates that it can be nontrivial
to determine whether short-period multiples formed through
disk fragmentation or from turbulent fragmentation and
migration. The spin alignments of binaries resulting from disk
fragmentation tend to be preferentially more aligned
(Bate 2018), where we showed that turbulent fragmentation
produces more randomly aligned pairs (Figure 10; see also
Offner et al. 2016). Observers could distinguish this by
observing, for example, the protostellar outflows; however,
simulations of outflows have shown that spin orientation can
change when there is mass accretion, particularly when the
protostars are small in mass (Lee et al. 2017). In these cases,
having an estimate of the age of the protostars can be of
assistance. Figures 11 and 12 show that binaries and triples are
more often not co-eval when forming through turbulent
fragmentation, with age spreads that can exceed 100 kyr, a
result that is supported by recent observations of wide binaries
(Murillo et al. 2018). The end-state of our simulations reveals
that nearly 40% of the multiples have both Stage 0 and Stage I
objects, i.e., at least one object that is less than 160 kyr and at
least one object that is greater than 160 kyr.
In this paper, turbulent driving was shut off at the start of our

gravitational collapse phase. As a result, turbulence begins to
decay and will dissipate completely after a few freefall times.
Undriven turbulence simulations have higher star formation
efficiencies than driven turbulence simulations. They also
produce more clustered environments as filaments and cores
gravitationally collapse toward one another. Despite these
differences, we do not expect that the inclusion of driving

Figure 15. Column density snapshots at t=0.6, 0.8, and 1.0tff, from left to right, centered around a binary pair from MU8. Protostars are labeled as circles. The
binary’s separations shrink by several orders of magnitude over the course of a few hundred kyr.

Figure 16. Column density around three gravitationally bound protostars
(shown as circles). A central binary resides within a developing circumbinary
disk. A third member that formed beyond 104 au was captured and migrated to
smaller distances rather than forming within the disk.

10 A side-by-side size comparison has subtleties; for example, we are viewing
the disk face-on, whereas the disk of Tobin et al. (2016a) appears somewhat
inclined into the page. Additionally, we are viewing the density directly, as
opposed to radiation emitted from the gas and dust.
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Fig. 9.— Comparison of circumstellar disk mass (left) and radius (right) for single and multiple Class 0 and I protostellar systems in
Orion. Disk sizes and masses were obtained from Tobin et al. (2020). Masses are calculated assuming optically thin dust emission at 870
µm and an assumed dust temperature of 20 K and disk radii are derived from the 2� extent of Gaussian fits to dust continuum images.
The division at 300 au contrasts the effect of intermediate and wide separation companions on disk masses and extents. Surprisingly,
systems with wide companions tend to have larger and more massive disks than those without companions.

arated by ⇠700 au Jørgensen et al. 2016). This dust bridge
has relatively uniform polarization indicating a structured
magnetic field (Sadavoy et al. 2018b), allowing gas to flow
freely along the bridge. MHD simulations by Kuffmeier
et al. (2019), show that such features occur when binaries
form at wider separations (&1000au) and migrate inward.
If bridge features are transient, large high-resolution sur-
veys are needed to constrain their properties and lifetimes.

4.4.2. Stellar densities
The local density of stars influences the evolution of

multiple systems, such that wider members may be dynam-
ically stripped from systems located in dense cluster envi-
ronments. This process is illustrated by the deficit of Class
II and III companions with separations greater than 250 au
in the ONC, where the stellar surface density is 770 pc�2

(Reipurth et al. 2007). The companion frequency is higher
for field stars and pre-MS stars in Taurus, which have stellar
densities down to 35 pc�2 (see right panel of Fig.2).

Kounkel et al. (2016) completed a large Hubble Space
Telescope and NASA Infrared Telescope Facility Survey
of Class I and Flat Spectrum multiplicity toward proto-
stars in the Herschel Orion Protostar Survey (HOPS, Furlan
et al. 2016). They estimated the YSO density around each
protostar by combining the HST data with complementary
Spitzer and X-ray data. Adopting 45 pc�2 as the boundary
between high and low YSO surface density, they find the
CF for the 100-1000 au separation range is larger by ⇠50%
(0.05 to 0.11) in higher surface density regions.

Building on these results, Tobin et al. (2021) used the
ALMA and VLA surveys of Orion to examine the influence
of YSO surface density on protostellar multiplicity. They
find higher MF and CFs in regions with YSO surface densi-
ties above 30 pc�2, confirming the results of Kounkel et al.
(2016). They also demonstrated a relationship between stel-

lar density, separation range, and protostellar Class.For a
separation range of 20 to 104 au, all protostellar Classes
have higher MFs and CFs in higher YSO density regions.
This trend holds for Class I and Flat Spectrum sources with
smaller separation ranges of 20 to 103 au and 100 to 103 au.
Class 0 protostars, however, have MFs and CFs that are sta-
tistically consistent in low and high YSO surface densities
over all separation ranges.

These results indicate that YSO surface density impacts
multiplicity on scales < 1000 au, but that impact occurs
mainly after the Class 0 phase. Tobin et al. (2021) sug-
gested that the Class 0 results reflect the primordial multi-
plicity, which does not have a strong dependence on YSO
density. In contrast, the elevated MFs for more-evolved pro-
tostars are likely produced by the migration of companions
from >1000 au to <1000 au (see §3.4). The higher CFs
from 20 to 104 au for all Classes at higher YSO density nat-
urally provide a reservoir of companions that can migrate
to smaller separations. This is consistent with the turbulent
fragmentation model, which predicts companions form at
wide separations and then migrate inward (§3.1).

Thus, higher YSO densities may enhance rather than re-
duce multiplicity. These high YSO densities are likely pro-
duced by higher initial gas densities, which may favor frag-
mentation (Gutermuth et al. 2011). We note, however, that
the YSO surface densities in the Orion molecular clouds are
lower than the stellar densities in the ONC, which can ex-
ceed 100 pc�2. Above some threshold, high YSO density
likely hinders multiple star formation and the ability of such
systems to retain wide companions.

4.4.3. High-mass protobinaries
In this section we review the multiplicity of high-mass

protostars, which we define as protostars that will likely
reach masses &8M�. Models indicate that high-mass pro-
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Fig. 10.— Disk mass for Taurus Class II binaries and single stars normalized by stellar mass. Left: After normalizing by stellar mass,
secondary and primary stars in binaries have similar disk mass distributions, but both are lower than the distribution of single star disk
masses. Right: Smaller-separation binaries have lower-mass disks on average (relative to their stellar masses) than wider binaries, which
in turn are lower than that of single stars. (Figure adapted from Akeson et al. 2019.)

ries in their analysis, they do not report whether the distribu-
tions of stellar masses in their single and multiple systems
are similar, and the cumulative dust mass distributions are
presented on a linear scale where any differences between
the samples at dust masses less than about 10 M� (where
roughly 70% of each sample lies) would be impossible to
see. These reasons motivate a future homogeneous analysis
of binary disk properties across Taurus, Ophiuchus, Corona
Australis, and Lupus, taking into account stellar mass and
calculating disk properties in a uniform way.

While the studies discussed above focus on Class II sys-
tems in 1–3 Myr old star-forming regions, Barenfeld et al.
(2019) find somewhat different results for Class II systems
with ages of ⇠5–11 Myr in Upper Sco. Unsurprisingly the
0.88 mm flux density distributions of all groups (close bi-
naries, wide binaries, and single stars) in Upper Sco are
shifted to lower values compared to the younger Taurus
association. In contrast to Taurus, Upper Sco exhibits no
significant difference in the mm flux distributions of these
three groups; in particular, close binaries have the same flux
distribution as single stars. The stellar mass distributions of
the three groups are similar as well, so this appears to be a
real difference in the disk properties and not an artifact of
different stellar masses.

5.1.2. Disk radii
One notable change in the ALMA era, compared to work

with previous millimeter facilities, is the ability to measure
(or at least constrain much better) disk radii, not only for the
largest and brightest disks, but for more typical disks across
a range of stellar masses. Cox et al. (2017), studying a sam-
ple of mostly Class II stars in ⇢ Oph, found that dust disk
radii among the binaries in their sample are smaller on av-
erage than those of single stars. Manara et al. (2019) found

a similar result in Taurus, with the added information that
their single-star and binary samples have similar distribu-
tions of stellar masses, showing that this result is not a side
effect of the single stars in the sample being preferentially
more massive. In contrast, Barenfeld et al. (2017) found
that dust disks in Upper Sco in general, i.e., in both singles
and binaries, are smaller by a factor of ⇠3 than those in
similar-stellar-mass samples in Lupus or Taurus and Ophi-
uchus (Tazzari et al. 2017; Tripathi et al. 2017, see also
Hendler et al. 2020). Barenfeld et al. (2019) suggested that
much of the difference between the single and multiple-star
samples may be due to differing evolution of disk radii; tidal
truncation may limit young disk sizes in binaries, but single
star disks later “catch up” in reducing their sizes, perhaps
by radial drift of dust, photoevaporation, dust fragmenta-
tion, and/or viscous accretion (e.g., Gorti et al. 2015).

Both Cox et al. (2017) and Manara et al. (2019) found
that the dust disk sizes in binary systems are smaller than
would be expected from tidal truncation alone. If these sys-
tems have gas disks that are larger than their dust disks,
however, the discrepancy with expectations from tidal trun-
cation models is greatly reduced. Zagaria et al. (2021b)
showed that once the faster radial drift of dust expected in
binary disks is taken into account, the observed dust disk
sizes in binaries are consistent with the expected tidal trun-
cation radii for modest eccentricities. Direct measurement
and comparison of dust and gas disk sizes in binaries at a
range of ages will be helpful to resolve this question.

For the older disks in Upper Sco, it is not only curious
why the disks in binaries have fluxes similar to those for
single stars, but why (at least for the binaries) the disks
are there at all. As noted above, at 1–2 Myr ages the bi-
nary disks were already small, and both gas dispersal and
radial drift of the dust should be faster in binaries, with
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Fig. 10.— Disk mass for Taurus Class II binaries and single stars normalized by stellar mass. Left: After normalizing by stellar mass,
secondary and primary stars in binaries have similar disk mass distributions, but both are lower than the distribution of single star disk
masses. Right: Smaller-separation binaries have lower-mass disks on average (relative to their stellar masses) than wider binaries, which
in turn are lower than that of single stars. (Figure adapted from Akeson et al. 2019.)

ries in their analysis, they do not report whether the distribu-
tions of stellar masses in their single and multiple systems
are similar, and the cumulative dust mass distributions are
presented on a linear scale where any differences between
the samples at dust masses less than about 10 M� (where
roughly 70% of each sample lies) would be impossible to
see. These reasons motivate a future homogeneous analysis
of binary disk properties across Taurus, Ophiuchus, Corona
Australis, and Lupus, taking into account stellar mass and
calculating disk properties in a uniform way.

While the studies discussed above focus on Class II sys-
tems in 1–3 Myr old star-forming regions, Barenfeld et al.
(2019) find somewhat different results for Class II systems
with ages of ⇠5–11 Myr in Upper Sco. Unsurprisingly the
0.88 mm flux density distributions of all groups (close bi-
naries, wide binaries, and single stars) in Upper Sco are
shifted to lower values compared to the younger Taurus
association. In contrast to Taurus, Upper Sco exhibits no
significant difference in the mm flux distributions of these
three groups; in particular, close binaries have the same flux
distribution as single stars. The stellar mass distributions of
the three groups are similar as well, so this appears to be a
real difference in the disk properties and not an artifact of
different stellar masses.

5.1.2. Disk radii
One notable change in the ALMA era, compared to work

with previous millimeter facilities, is the ability to measure
(or at least constrain much better) disk radii, not only for the
largest and brightest disks, but for more typical disks across
a range of stellar masses. Cox et al. (2017), studying a sam-
ple of mostly Class II stars in ⇢ Oph, found that dust disk
radii among the binaries in their sample are smaller on av-
erage than those of single stars. Manara et al. (2019) found

a similar result in Taurus, with the added information that
their single-star and binary samples have similar distribu-
tions of stellar masses, showing that this result is not a side
effect of the single stars in the sample being preferentially
more massive. In contrast, Barenfeld et al. (2017) found
that dust disks in Upper Sco in general, i.e., in both singles
and binaries, are smaller by a factor of ⇠3 than those in
similar-stellar-mass samples in Lupus or Taurus and Ophi-
uchus (Tazzari et al. 2017; Tripathi et al. 2017, see also
Hendler et al. 2020). Barenfeld et al. (2019) suggested that
much of the difference between the single and multiple-star
samples may be due to differing evolution of disk radii; tidal
truncation may limit young disk sizes in binaries, but single
star disks later “catch up” in reducing their sizes, perhaps
by radial drift of dust, photoevaporation, dust fragmenta-
tion, and/or viscous accretion (e.g., Gorti et al. 2015).

Both Cox et al. (2017) and Manara et al. (2019) found
that the dust disk sizes in binary systems are smaller than
would be expected from tidal truncation alone. If these sys-
tems have gas disks that are larger than their dust disks,
however, the discrepancy with expectations from tidal trun-
cation models is greatly reduced. Zagaria et al. (2021b)
showed that once the faster radial drift of dust expected in
binary disks is taken into account, the observed dust disk
sizes in binaries are consistent with the expected tidal trun-
cation radii for modest eccentricities. Direct measurement
and comparison of dust and gas disk sizes in binaries at a
range of ages will be helpful to resolve this question.

For the older disks in Upper Sco, it is not only curious
why the disks in binaries have fluxes similar to those for
single stars, but why (at least for the binaries) the disks
are there at all. As noted above, at 1–2 Myr ages the bi-
nary disks were already small, and both gas dispersal and
radial drift of the dust should be faster in binaries, with
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Fig. 9.— Comparison of circumstellar disk mass (left) and radius (right) for single and multiple Class 0 and I protostellar systems in
Orion. Disk sizes and masses were obtained from Tobin et al. (2020). Masses are calculated assuming optically thin dust emission at 870
µm and an assumed dust temperature of 20 K and disk radii are derived from the 2� extent of Gaussian fits to dust continuum images.
The division at 300 au contrasts the effect of intermediate and wide separation companions on disk masses and extents. Surprisingly,
systems with wide companions tend to have larger and more massive disks than those without companions.

arated by ⇠700 au Jørgensen et al. 2016). This dust bridge
has relatively uniform polarization indicating a structured
magnetic field (Sadavoy et al. 2018b), allowing gas to flow
freely along the bridge. MHD simulations by Kuffmeier
et al. (2019), show that such features occur when binaries
form at wider separations (&1000au) and migrate inward.
If bridge features are transient, large high-resolution sur-
veys are needed to constrain their properties and lifetimes.

4.4.2. Stellar densities
The local density of stars influences the evolution of

multiple systems, such that wider members may be dynam-
ically stripped from systems located in dense cluster envi-
ronments. This process is illustrated by the deficit of Class
II and III companions with separations greater than 250 au
in the ONC, where the stellar surface density is 770 pc�2

(Reipurth et al. 2007). The companion frequency is higher
for field stars and pre-MS stars in Taurus, which have stellar
densities down to 35 pc�2 (see right panel of Fig.2).

Kounkel et al. (2016) completed a large Hubble Space
Telescope and NASA Infrared Telescope Facility Survey
of Class I and Flat Spectrum multiplicity toward proto-
stars in the Herschel Orion Protostar Survey (HOPS, Furlan
et al. 2016). They estimated the YSO density around each
protostar by combining the HST data with complementary
Spitzer and X-ray data. Adopting 45 pc�2 as the boundary
between high and low YSO surface density, they find the
CF for the 100-1000 au separation range is larger by ⇠50%
(0.05 to 0.11) in higher surface density regions.

Building on these results, Tobin et al. (2021) used the
ALMA and VLA surveys of Orion to examine the influence
of YSO surface density on protostellar multiplicity. They
find higher MF and CFs in regions with YSO surface densi-
ties above 30 pc�2, confirming the results of Kounkel et al.
(2016). They also demonstrated a relationship between stel-

lar density, separation range, and protostellar Class.For a
separation range of 20 to 104 au, all protostellar Classes
have higher MFs and CFs in higher YSO density regions.
This trend holds for Class I and Flat Spectrum sources with
smaller separation ranges of 20 to 103 au and 100 to 103 au.
Class 0 protostars, however, have MFs and CFs that are sta-
tistically consistent in low and high YSO surface densities
over all separation ranges.

These results indicate that YSO surface density impacts
multiplicity on scales < 1000 au, but that impact occurs
mainly after the Class 0 phase. Tobin et al. (2021) sug-
gested that the Class 0 results reflect the primordial multi-
plicity, which does not have a strong dependence on YSO
density. In contrast, the elevated MFs for more-evolved pro-
tostars are likely produced by the migration of companions
from >1000 au to <1000 au (see §3.4). The higher CFs
from 20 to 104 au for all Classes at higher YSO density nat-
urally provide a reservoir of companions that can migrate
to smaller separations. This is consistent with the turbulent
fragmentation model, which predicts companions form at
wide separations and then migrate inward (§3.1).

Thus, higher YSO densities may enhance rather than re-
duce multiplicity. These high YSO densities are likely pro-
duced by higher initial gas densities, which may favor frag-
mentation (Gutermuth et al. 2011). We note, however, that
the YSO surface densities in the Orion molecular clouds are
lower than the stellar densities in the ONC, which can ex-
ceed 100 pc�2. Above some threshold, high YSO density
likely hinders multiple star formation and the ability of such
systems to retain wide companions.

4.4.3. High-mass protobinaries
In this section we review the multiplicity of high-mass

protostars, which we define as protostars that will likely
reach masses &8M�. Models indicate that high-mass pro-
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Fig. 9.— Comparison of circumstellar disk mass (left) and radius (right) for single and multiple Class 0 and I protostellar systems in
Orion. Disk sizes and masses were obtained from Tobin et al. (2020). Masses are calculated assuming optically thin dust emission at 870
µm and an assumed dust temperature of 20 K and disk radii are derived from the 2� extent of Gaussian fits to dust continuum images.
The division at 300 au contrasts the effect of intermediate and wide separation companions on disk masses and extents. Surprisingly,
systems with wide companions tend to have larger and more massive disks than those without companions.

arated by ⇠700 au Jørgensen et al. 2016). This dust bridge
has relatively uniform polarization indicating a structured
magnetic field (Sadavoy et al. 2018b), allowing gas to flow
freely along the bridge. MHD simulations by Kuffmeier
et al. (2019), show that such features occur when binaries
form at wider separations (&1000au) and migrate inward.
If bridge features are transient, large high-resolution sur-
veys are needed to constrain their properties and lifetimes.

4.4.2. Stellar densities
The local density of stars influences the evolution of

multiple systems, such that wider members may be dynam-
ically stripped from systems located in dense cluster envi-
ronments. This process is illustrated by the deficit of Class
II and III companions with separations greater than 250 au
in the ONC, where the stellar surface density is 770 pc�2

(Reipurth et al. 2007). The companion frequency is higher
for field stars and pre-MS stars in Taurus, which have stellar
densities down to 35 pc�2 (see right panel of Fig.2).

Kounkel et al. (2016) completed a large Hubble Space
Telescope and NASA Infrared Telescope Facility Survey
of Class I and Flat Spectrum multiplicity toward proto-
stars in the Herschel Orion Protostar Survey (HOPS, Furlan
et al. 2016). They estimated the YSO density around each
protostar by combining the HST data with complementary
Spitzer and X-ray data. Adopting 45 pc�2 as the boundary
between high and low YSO surface density, they find the
CF for the 100-1000 au separation range is larger by ⇠50%
(0.05 to 0.11) in higher surface density regions.

Building on these results, Tobin et al. (2021) used the
ALMA and VLA surveys of Orion to examine the influence
of YSO surface density on protostellar multiplicity. They
find higher MF and CFs in regions with YSO surface densi-
ties above 30 pc�2, confirming the results of Kounkel et al.
(2016). They also demonstrated a relationship between stel-

lar density, separation range, and protostellar Class.For a
separation range of 20 to 104 au, all protostellar Classes
have higher MFs and CFs in higher YSO density regions.
This trend holds for Class I and Flat Spectrum sources with
smaller separation ranges of 20 to 103 au and 100 to 103 au.
Class 0 protostars, however, have MFs and CFs that are sta-
tistically consistent in low and high YSO surface densities
over all separation ranges.

These results indicate that YSO surface density impacts
multiplicity on scales < 1000 au, but that impact occurs
mainly after the Class 0 phase. Tobin et al. (2021) sug-
gested that the Class 0 results reflect the primordial multi-
plicity, which does not have a strong dependence on YSO
density. In contrast, the elevated MFs for more-evolved pro-
tostars are likely produced by the migration of companions
from >1000 au to <1000 au (see §3.4). The higher CFs
from 20 to 104 au for all Classes at higher YSO density nat-
urally provide a reservoir of companions that can migrate
to smaller separations. This is consistent with the turbulent
fragmentation model, which predicts companions form at
wide separations and then migrate inward (§3.1).

Thus, higher YSO densities may enhance rather than re-
duce multiplicity. These high YSO densities are likely pro-
duced by higher initial gas densities, which may favor frag-
mentation (Gutermuth et al. 2011). We note, however, that
the YSO surface densities in the Orion molecular clouds are
lower than the stellar densities in the ONC, which can ex-
ceed 100 pc�2. Above some threshold, high YSO density
likely hinders multiple star formation and the ability of such
systems to retain wide companions.

4.4.3. High-mass protobinaries
In this section we review the multiplicity of high-mass

protostars, which we define as protostars that will likely
reach masses &8M�. Models indicate that high-mass pro-
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Fig. 9.— Comparison of circumstellar disk mass (left) and radius (right) for single and multiple Class 0 and I protostellar systems in
Orion. Disk sizes and masses were obtained from Tobin et al. (2020). Masses are calculated assuming optically thin dust emission at 870
µm and an assumed dust temperature of 20 K and disk radii are derived from the 2� extent of Gaussian fits to dust continuum images.
The division at 300 au contrasts the effect of intermediate and wide separation companions on disk masses and extents. Surprisingly,
systems with wide companions tend to have larger and more massive disks than those without companions.

arated by ⇠700 au Jørgensen et al. 2016). This dust bridge
has relatively uniform polarization indicating a structured
magnetic field (Sadavoy et al. 2018b), allowing gas to flow
freely along the bridge. MHD simulations by Kuffmeier
et al. (2019), show that such features occur when binaries
form at wider separations (&1000au) and migrate inward.
If bridge features are transient, large high-resolution sur-
veys are needed to constrain their properties and lifetimes.

4.4.2. Stellar densities
The local density of stars influences the evolution of

multiple systems, such that wider members may be dynam-
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ronments. This process is illustrated by the deficit of Class
II and III companions with separations greater than 250 au
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Spitzer and X-ray data. Adopting 45 pc�2 as the boundary
between high and low YSO surface density, they find the
CF for the 100-1000 au separation range is larger by ⇠50%
(0.05 to 0.11) in higher surface density regions.

Building on these results, Tobin et al. (2021) used the
ALMA and VLA surveys of Orion to examine the influence
of YSO surface density on protostellar multiplicity. They
find higher MF and CFs in regions with YSO surface densi-
ties above 30 pc�2, confirming the results of Kounkel et al.
(2016). They also demonstrated a relationship between stel-

lar density, separation range, and protostellar Class.For a
separation range of 20 to 104 au, all protostellar Classes
have higher MFs and CFs in higher YSO density regions.
This trend holds for Class I and Flat Spectrum sources with
smaller separation ranges of 20 to 103 au and 100 to 103 au.
Class 0 protostars, however, have MFs and CFs that are sta-
tistically consistent in low and high YSO surface densities
over all separation ranges.

These results indicate that YSO surface density impacts
multiplicity on scales < 1000 au, but that impact occurs
mainly after the Class 0 phase. Tobin et al. (2021) sug-
gested that the Class 0 results reflect the primordial multi-
plicity, which does not have a strong dependence on YSO
density. In contrast, the elevated MFs for more-evolved pro-
tostars are likely produced by the migration of companions
from >1000 au to <1000 au (see §3.4). The higher CFs
from 20 to 104 au for all Classes at higher YSO density nat-
urally provide a reservoir of companions that can migrate
to smaller separations. This is consistent with the turbulent
fragmentation model, which predicts companions form at
wide separations and then migrate inward (§3.1).

Thus, higher YSO densities may enhance rather than re-
duce multiplicity. These high YSO densities are likely pro-
duced by higher initial gas densities, which may favor frag-
mentation (Gutermuth et al. 2011). We note, however, that
the YSO surface densities in the Orion molecular clouds are
lower than the stellar densities in the ONC, which can ex-
ceed 100 pc�2. Above some threshold, high YSO density
likely hinders multiple star formation and the ability of such
systems to retain wide companions.
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In this section we review the multiplicity of high-mass

protostars, which we define as protostars that will likely
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Fig. 10.— Disk mass for Taurus Class II binaries and single stars normalized by stellar mass. Left: After normalizing by stellar mass,
secondary and primary stars in binaries have similar disk mass distributions, but both are lower than the distribution of single star disk
masses. Right: Smaller-separation binaries have lower-mass disks on average (relative to their stellar masses) than wider binaries, which
in turn are lower than that of single stars. (Figure adapted from Akeson et al. 2019.)

ries in their analysis, they do not report whether the distribu-
tions of stellar masses in their single and multiple systems
are similar, and the cumulative dust mass distributions are
presented on a linear scale where any differences between
the samples at dust masses less than about 10 M� (where
roughly 70% of each sample lies) would be impossible to
see. These reasons motivate a future homogeneous analysis
of binary disk properties across Taurus, Ophiuchus, Corona
Australis, and Lupus, taking into account stellar mass and
calculating disk properties in a uniform way.

While the studies discussed above focus on Class II sys-
tems in 1–3 Myr old star-forming regions, Barenfeld et al.
(2019) find somewhat different results for Class II systems
with ages of ⇠5–11 Myr in Upper Sco. Unsurprisingly the
0.88 mm flux density distributions of all groups (close bi-
naries, wide binaries, and single stars) in Upper Sco are
shifted to lower values compared to the younger Taurus
association. In contrast to Taurus, Upper Sco exhibits no
significant difference in the mm flux distributions of these
three groups; in particular, close binaries have the same flux
distribution as single stars. The stellar mass distributions of
the three groups are similar as well, so this appears to be a
real difference in the disk properties and not an artifact of
different stellar masses.

5.1.2. Disk radii
One notable change in the ALMA era, compared to work

with previous millimeter facilities, is the ability to measure
(or at least constrain much better) disk radii, not only for the
largest and brightest disks, but for more typical disks across
a range of stellar masses. Cox et al. (2017), studying a sam-
ple of mostly Class II stars in ⇢ Oph, found that dust disk
radii among the binaries in their sample are smaller on av-
erage than those of single stars. Manara et al. (2019) found

a similar result in Taurus, with the added information that
their single-star and binary samples have similar distribu-
tions of stellar masses, showing that this result is not a side
effect of the single stars in the sample being preferentially
more massive. In contrast, Barenfeld et al. (2017) found
that dust disks in Upper Sco in general, i.e., in both singles
and binaries, are smaller by a factor of ⇠3 than those in
similar-stellar-mass samples in Lupus or Taurus and Ophi-
uchus (Tazzari et al. 2017; Tripathi et al. 2017, see also
Hendler et al. 2020). Barenfeld et al. (2019) suggested that
much of the difference between the single and multiple-star
samples may be due to differing evolution of disk radii; tidal
truncation may limit young disk sizes in binaries, but single
star disks later “catch up” in reducing their sizes, perhaps
by radial drift of dust, photoevaporation, dust fragmenta-
tion, and/or viscous accretion (e.g., Gorti et al. 2015).

Both Cox et al. (2017) and Manara et al. (2019) found
that the dust disk sizes in binary systems are smaller than
would be expected from tidal truncation alone. If these sys-
tems have gas disks that are larger than their dust disks,
however, the discrepancy with expectations from tidal trun-
cation models is greatly reduced. Zagaria et al. (2021b)
showed that once the faster radial drift of dust expected in
binary disks is taken into account, the observed dust disk
sizes in binaries are consistent with the expected tidal trun-
cation radii for modest eccentricities. Direct measurement
and comparison of dust and gas disk sizes in binaries at a
range of ages will be helpful to resolve this question.

For the older disks in Upper Sco, it is not only curious
why the disks in binaries have fluxes similar to those for
single stars, but why (at least for the binaries) the disks
are there at all. As noted above, at 1–2 Myr ages the bi-
nary disks were already small, and both gas dispersal and
radial drift of the dust should be faster in binaries, with
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Fig. 10.— Disk mass for Taurus Class II binaries and single stars normalized by stellar mass. Left: After normalizing by stellar mass,
secondary and primary stars in binaries have similar disk mass distributions, but both are lower than the distribution of single star disk
masses. Right: Smaller-separation binaries have lower-mass disks on average (relative to their stellar masses) than wider binaries, which
in turn are lower than that of single stars. (Figure adapted from Akeson et al. 2019.)

ries in their analysis, they do not report whether the distribu-
tions of stellar masses in their single and multiple systems
are similar, and the cumulative dust mass distributions are
presented on a linear scale where any differences between
the samples at dust masses less than about 10 M� (where
roughly 70% of each sample lies) would be impossible to
see. These reasons motivate a future homogeneous analysis
of binary disk properties across Taurus, Ophiuchus, Corona
Australis, and Lupus, taking into account stellar mass and
calculating disk properties in a uniform way.

While the studies discussed above focus on Class II sys-
tems in 1–3 Myr old star-forming regions, Barenfeld et al.
(2019) find somewhat different results for Class II systems
with ages of ⇠5–11 Myr in Upper Sco. Unsurprisingly the
0.88 mm flux density distributions of all groups (close bi-
naries, wide binaries, and single stars) in Upper Sco are
shifted to lower values compared to the younger Taurus
association. In contrast to Taurus, Upper Sco exhibits no
significant difference in the mm flux distributions of these
three groups; in particular, close binaries have the same flux
distribution as single stars. The stellar mass distributions of
the three groups are similar as well, so this appears to be a
real difference in the disk properties and not an artifact of
different stellar masses.

5.1.2. Disk radii
One notable change in the ALMA era, compared to work

with previous millimeter facilities, is the ability to measure
(or at least constrain much better) disk radii, not only for the
largest and brightest disks, but for more typical disks across
a range of stellar masses. Cox et al. (2017), studying a sam-
ple of mostly Class II stars in ⇢ Oph, found that dust disk
radii among the binaries in their sample are smaller on av-
erage than those of single stars. Manara et al. (2019) found

a similar result in Taurus, with the added information that
their single-star and binary samples have similar distribu-
tions of stellar masses, showing that this result is not a side
effect of the single stars in the sample being preferentially
more massive. In contrast, Barenfeld et al. (2017) found
that dust disks in Upper Sco in general, i.e., in both singles
and binaries, are smaller by a factor of ⇠3 than those in
similar-stellar-mass samples in Lupus or Taurus and Ophi-
uchus (Tazzari et al. 2017; Tripathi et al. 2017, see also
Hendler et al. 2020). Barenfeld et al. (2019) suggested that
much of the difference between the single and multiple-star
samples may be due to differing evolution of disk radii; tidal
truncation may limit young disk sizes in binaries, but single
star disks later “catch up” in reducing their sizes, perhaps
by radial drift of dust, photoevaporation, dust fragmenta-
tion, and/or viscous accretion (e.g., Gorti et al. 2015).

Both Cox et al. (2017) and Manara et al. (2019) found
that the dust disk sizes in binary systems are smaller than
would be expected from tidal truncation alone. If these sys-
tems have gas disks that are larger than their dust disks,
however, the discrepancy with expectations from tidal trun-
cation models is greatly reduced. Zagaria et al. (2021b)
showed that once the faster radial drift of dust expected in
binary disks is taken into account, the observed dust disk
sizes in binaries are consistent with the expected tidal trun-
cation radii for modest eccentricities. Direct measurement
and comparison of dust and gas disk sizes in binaries at a
range of ages will be helpful to resolve this question.

For the older disks in Upper Sco, it is not only curious
why the disks in binaries have fluxes similar to those for
single stars, but why (at least for the binaries) the disks
are there at all. As noted above, at 1–2 Myr ages the bi-
nary disks were already small, and both gas dispersal and
radial drift of the dust should be faster in binaries, with
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Fig. 10.— Disk mass for Taurus Class II binaries and single stars normalized by stellar mass. Left: After normalizing by stellar mass,
secondary and primary stars in binaries have similar disk mass distributions, but both are lower than the distribution of single star disk
masses. Right: Smaller-separation binaries have lower-mass disks on average (relative to their stellar masses) than wider binaries, which
in turn are lower than that of single stars. (Figure adapted from Akeson et al. 2019.)

ries in their analysis, they do not report whether the distribu-
tions of stellar masses in their single and multiple systems
are similar, and the cumulative dust mass distributions are
presented on a linear scale where any differences between
the samples at dust masses less than about 10 M� (where
roughly 70% of each sample lies) would be impossible to
see. These reasons motivate a future homogeneous analysis
of binary disk properties across Taurus, Ophiuchus, Corona
Australis, and Lupus, taking into account stellar mass and
calculating disk properties in a uniform way.

While the studies discussed above focus on Class II sys-
tems in 1–3 Myr old star-forming regions, Barenfeld et al.
(2019) find somewhat different results for Class II systems
with ages of ⇠5–11 Myr in Upper Sco. Unsurprisingly the
0.88 mm flux density distributions of all groups (close bi-
naries, wide binaries, and single stars) in Upper Sco are
shifted to lower values compared to the younger Taurus
association. In contrast to Taurus, Upper Sco exhibits no
significant difference in the mm flux distributions of these
three groups; in particular, close binaries have the same flux
distribution as single stars. The stellar mass distributions of
the three groups are similar as well, so this appears to be a
real difference in the disk properties and not an artifact of
different stellar masses.

5.1.2. Disk radii
One notable change in the ALMA era, compared to work

with previous millimeter facilities, is the ability to measure
(or at least constrain much better) disk radii, not only for the
largest and brightest disks, but for more typical disks across
a range of stellar masses. Cox et al. (2017), studying a sam-
ple of mostly Class II stars in ⇢ Oph, found that dust disk
radii among the binaries in their sample are smaller on av-
erage than those of single stars. Manara et al. (2019) found

a similar result in Taurus, with the added information that
their single-star and binary samples have similar distribu-
tions of stellar masses, showing that this result is not a side
effect of the single stars in the sample being preferentially
more massive. In contrast, Barenfeld et al. (2017) found
that dust disks in Upper Sco in general, i.e., in both singles
and binaries, are smaller by a factor of ⇠3 than those in
similar-stellar-mass samples in Lupus or Taurus and Ophi-
uchus (Tazzari et al. 2017; Tripathi et al. 2017, see also
Hendler et al. 2020). Barenfeld et al. (2019) suggested that
much of the difference between the single and multiple-star
samples may be due to differing evolution of disk radii; tidal
truncation may limit young disk sizes in binaries, but single
star disks later “catch up” in reducing their sizes, perhaps
by radial drift of dust, photoevaporation, dust fragmenta-
tion, and/or viscous accretion (e.g., Gorti et al. 2015).

Both Cox et al. (2017) and Manara et al. (2019) found
that the dust disk sizes in binary systems are smaller than
would be expected from tidal truncation alone. If these sys-
tems have gas disks that are larger than their dust disks,
however, the discrepancy with expectations from tidal trun-
cation models is greatly reduced. Zagaria et al. (2021b)
showed that once the faster radial drift of dust expected in
binary disks is taken into account, the observed dust disk
sizes in binaries are consistent with the expected tidal trun-
cation radii for modest eccentricities. Direct measurement
and comparison of dust and gas disk sizes in binaries at a
range of ages will be helpful to resolve this question.

For the older disks in Upper Sco, it is not only curious
why the disks in binaries have fluxes similar to those for
single stars, but why (at least for the binaries) the disks
are there at all. As noted above, at 1–2 Myr ages the bi-
nary disks were already small, and both gas dispersal and
radial drift of the dust should be faster in binaries, with

26

results for PMS stars in mm/submm 
Akeson+2019 mirror IR data that suggest all 
binaries, especially close ones, show dearth 
of disks compared to single star counterpart. 

Offner+ PPVII



Disk (mis)alignment

Orbit evolution in disc encounters 2017

Figure 4. Simulation output for the orbital set ‘PARA3’ a short time after pericentre passage (t − τ 0 = 111 yr), which corresponds to a simulation time of
1000 yr. See description of Fig. 3.

Toomre 1972; D’Onghia et al. 2010), and extended spiral arms are
not formed as a result. The parabolic orbits in this models are chosen
to model the first ever encounter between two objects (hyperbolic
encounters were not considered in this work), and thus we do not
expect a correlation between pericentre separation and mutual disc
inclination. This is most likely not true for bound orbits, however,
since a common formation scenario for close binary stars would
suggest that these are born with nearly aligned discs as they are
with nearly aligned spins (see Hale 1994).

The orbital decay is almost entirely determined by the energy
loss at first passage. Although the amplitude of the separation curve
is observed to decay slowly in time, most of the dissipation happens
at once when the discs first meet. This is not surprising given that
configuration ‘PARA1’ has a pericentre distance (rp = 6.2) that is
significantly smaller than the sum of the disc radii (2 × Rd = 120 au).

Thus, the first encounter violently truncates the disc on very short
time-scales, potentially reducing the mass of the disc by a factor
of ∼4 (from equation (4a), Md(<6.2 au) ≈ Md/4), after which the
tidal interaction goes back into a linear regime and the orbit evolves
more slowly.

Fig. 7 shows the evolution of stellar separation for the remainder
of the simulations in our study, grouped by orbital configuration.
The likelihood of capture decreases very rapidly with pericentre
separation. Only three out of seven simulations in the ‘PARA2’
show additional pericentre passages (although all of them show
substantial orbital energy loss). The runs in set ‘PARA3’ show a
much weaker effect; although, as before, the change in separation
increases when Sz is decreased. The stars should not be expected to
interact again for another few 10 000 yr, and after reaching separa-
tions of a few to several thousand au, meaning that these systems
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Figures

Figure 1: Observations of the CO (3–2) line in the HK Tau binary system. a, Integrated gas emission from each disk, with
contours at steps of 0.3 Jy beam=1 km s=1, three times the RMS in the maps; the angular resolution of the observations is shown
by the beam size in gray at lower left. b, Velocity=weighted emission, illustrating the rotation of both disks, and their
misaligned orientations.
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Disk Alignment
• At intermediate - wide 

separations, binaries with two 
resolved disks do not show 
preferential alignment 

• Circumbinary disk DO show 
preferential alignment 

• What about close separation 
binaries?

Manara+2019C. F. Manara et al.: Binaries in Taurus

Fig. 10. Comparison between the inclination (top) and position angles
(bottom) in degrees for the disks around the primary and the sec-
ondary in each multiple stellar system where both disks are detected
and resolved. The first two letters of the names are shown as labels. The
point labeled UZ shows the value of the eastern component (primary)
vs. that of the Wa component (secondary). Both disks in the western
component have a very similar inclination of 60�.

disks around the primary and secondary components is large for
the other four systems with inclinations measured for both com-
ponents. In our sample of binaries with projected separations
larger than ⇠100 au there is no clear trend of a dependence of
the relative inclination with the projected separation.

A previous attempt to measure the relative disk inclination
in binaries was performed by means of polarimetric imaging in
K band by Jensen et al. (2004). While they observed alignment
within .20� in their targets, the uncertainties in their method
does not allow us to rule out that the relative inclinations can be
higher. Their finding that most disks in binary systems are not
coplanar is reinforced here by our resolved observations of the
disk around the individual components.

4.4. Disk flux versus separation

Previous work has shown that more compact binary systems
show a smaller total millimeter continuum flux density than
wider binary systems (e.g., Harris et al. 2012; Akeson et al.
2019). Since the disk evolution is expected to be faster in tighter
binary systems undergoing close-encounters and strong tidal
interactions (e.g., Clarke & Pringle 1993), these systems should
have lower disk mass, and therefore weaker millimeter contin-
uum flux density, than single disks and binaries on wider orbits.

Fig. 11. Relative inclination in degrees of the two disks in each multiple
stellar systems as a function of their separation. The first two letters
of the names are shown as labels. The point labeled UZ shows the
value of the eastern component (primary) vs. that of the Wa component
(secondary). Both disks in the western component have a very similar
inclination of 60�.

Although our sample size is smaller than previous sam-
ples, which were comprising 20–40 objects (e.g., Harris et al.
2012; Akeson et al. 2019), we also explore this relation in our
data, which have the advantage of resolving the individual disks
and detecting eight to ten secondary disks in the systems. The
rescaled flux density of the individual components of the multi-
ple systems is shown in Fig. 12 and the combined rescaled flux
of the pairs in Fig. 13, in both cases as a function of the pro-
jected separation. We do not find a clear correlation between the
two components, possibly due to the low number statistics of
our sample and the relatively large projected separations of the
systems studied here. When combining our data with those by
Akeson et al. (2019), there is a hint of a tentative trend of increas-
ing millimeter flux for the primary disk with separations from
.50 to >400 au (bottom panel of Fig. 12). We note from Fig. 12
that the flux in the secondary component is always found to be
smaller than that in the primary disk in our data, as previously
reported (e.g., Akeson et al. 2019).

5. Quantifying the effects of tidal truncation

The effects of tidal truncation due to the presence of another
disk in a multiple system can be estimated analytically (e.g.,
Papaloizou & Pringle 1977; Artymowicz & Lubow 1994). Our
data are ideal tests of these analytic predictions since we are
able to resolve the individual disks in the systems. In the fol-
lowing, we carry out simple empirical estimates of the effect of
tidal truncation on the measured dust disk radii and a detailed
comparison with analytic predictions.

5.1. Disk radii versus separation

Table 3 reports the ratio between Re↵,dust and Rdisk,dust measured
for the disk around the primary stars and the observed separa-
tion between the two components of the multiple systems. These
separations are calculated from the fitted positions of the centers
of the disks in our data or are obtained from the literature if only
one component is detected (V710 Tau and DH Tau).

As reported in Table 3 and also shown in Fig. 14, the
ratio of the disk radius to projected separation ap is always
lower than 0.3 in our sample, with the only exception of the
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population of close binaries: even among those binaries hosting
a tertiary star, 60% require extra dissipative interactions with
primordial gas to reach their current separations. In a large
radiation-hydrodynamical simulation of a collapsing molecular
cloud, Bate (2019) found that a close binary typically forms
when two initially unbound stars become bound and shrink
their orbit by gravitational interactions mediated by their disks.
Gas-rich disks provide both a larger cross section for
encounters and a means of dissipating orbital energy.

Binaries that form by dissipative encounters may be orbited
by disks having an initially wide range of mutual inclinations
(Bate 2018). The inclinations can evolve by subsequent disk–
binary interactions. Foucart & Lai (2013, 2014) found that
when the binary orbit is circular or nearly so, and when the
relative disk–binary inclination is small (but nonzero), gravita-
tional torques between the warped disk and the binary can
bring their mean planes into alignment. These authors
computed an alignment timescale that is short compared to
the disk lifetime unless the viscosity governing inclination
damping is much smaller than the viscosity controlling radial
diffusion of mass (see also Lodato & Facchini 2013), or the
inner edge of the disk is far removed from the binary.

If, however, the binary is substantially eccentric, it can force
the disk out of alignment. The orbit of a circumbinary test
particle, if initially sufficiently inclined, librates (oscillates)
about θ=90°;12 the more eccentric the binary, the smaller is
the initial inclination required to access this libration (Verrier &
Evans 2009; Farago & Laskar 2010; Naoz et al. 2017; Vinson
& Chiang 2018). These librations are damped in a viscous disk,
which seeks to settle into a polar configuration (Martin &
Lubow 2017; Lubow & Martin 2018; Zanazzi & Lai 2018) or
near-polar configuration if the disk mass is high (Martin &
Lubow 2019). In the parameter survey of Martin & Lubow
(2018), disks initially misaligned by 30° or more around a
binary with e=0.8 undergo damped librations about θ=90°;

disks with smaller initial inclinations are not attracted to the
polar configuration but still exhibit inclination variations of
tens of degrees (see, e.g., their Figure 12).
As documented in Tables 3 and 4, binaries with P<10 days

are circularized—presumably from tidal dissipation. In support
of the theoretical ideas discussed above, Figure 14 attests that
CB disks orbiting short-period binaries are coplanar (or nearly
so) with their hosts, while CB disks orbiting long-period,
eccentric binaries exhibit a variety of mutual inclinations
ranging up to θ≈90°. The polar orientations of HD98800B
and 99Her are consistent with damped librations about the
fixed point of θ=90° in eccentric binaries (Martin &
Lubow 2017); these disks also exhibit the nodal orientations
expected from this scenario (e.g., Lubow & Martin 2018;
Zanazzi & Lai 2018; Kennedy et al. 2019).13 Those disks that
are not polar or substantially inclined around binaries with
eccentricities of ∼0.5 may have formed with inclinations below
the threshold required for polar librations (Foucart & Lai 2014;
Martin & Lubow 2018). A few of these disks orbit binaries
with periods of 10–40 days and may have had their inclinations
damped while driving their hosts into more compact configura-
tions. Notably no CB disk is obviously retrograde,14 presumably
because the dissipative disk–star encounters that most effectively
bind binaries do not involve retrograde motions (Borkovits et al.
2016; Tokovinin 2017; Bate 2018).
The two points in the right panel of Figure 14 at (e,

θ);(0°.13, 45°) and (0°.13, 50°) pertain to the disk orbiting
the GWOri hierarchical triple. The orbital eccentricities of
the triple, which itself is coplanar, appear too low for the
mechanism of Martin & Lubow (2018) to generate the
observed disk inclination. The large θ might instead be a relic
of the original dissipative disk-mediated encounter that
presumably formed the multiple system (Bate 2018).

Figure 14. Left: mutual inclinations of Keplercircumbinary planets and all circumbinary protoplanetary and debris disks in Tables 3 and 4, as a function of binary
orbital period. The triangles represent the lower limits on θfor RCrA and IRS 43. The dotted lines connect degenerate solutions for HD142527, SR 24N, and GG
Tau Aa-Ab. Middle: mutual inclination as a function of semimajor axis. Right: mutual inclination as a function of binary eccentricity. The triangle represents the lower
limit on θfor RCrA (e is unknown for IRS 43, and so it is not plotted in the eccentricity panel). The two points at e=0.13 correspond to GWOri A-B and AB-C,
which collectively host a circumternary protoplanetary disk. Long-period, eccentric binaries are more likely to host circumbinary disks with significant mutual
inclinations.

12 The fixed point at θ=90° represents the strongest, quadrupole-order
resonance. Other resonances with other fixed points are surveyed by Vinson &
Chiang (2018) in the test particle limit.

13 By contrast, those polar orbits that fall within the observational uncertainties
for HD142527, SR24N, and GGTauA do not evince the predicted nodal
orientation.
14 Technically there are observational ambiguities that permit retrograde
solutions for HD200775, RCrA, and IRS43.
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bars in Fig. 1). By combining the different surveys, the uncertainty
in Fa < 100 au at a given M1 is slightly smaller than the individual mea-
surement uncertainties. We adopt δFa < 100 au/Fa < 100 au = 0.10, and
so our quadratic model fit yields Fa < 100 au = 39 per cent ± 4 per cent
for M1 = 1 M! primaries, which matches our baseline model for
solar-type systems (see Fig. 2 and Appendix A).

The binary fraction inside of a < 10 au is noticeably flatter
across M1 = 0.1–1.0 M!. The solar-type measurement of Fa < 10au =
24 ± 4 per cent is slightly larger than the early-M value of Fa < 10au =
14 ± 3 per cent mainly because the former includes WD companions.
Towards larger masses, M1 > 1 M!, the binary fraction Fa < 10au

increases in parallel with Fa < 100au, nearly tripling by M1 = 10 M!.
We display our fit:

Fa < 10au = 0.25 + 0.31 log(M1/M!) + 0.16[log(M1/M!)]2 (2)

as the solid green line in Fig. 1. For M1 = 0.3–2.4 M! primaries, the
measurement uncertainties span "Fa < 10 au/Fa < 10 au = 16 per cent–
27 per cent for the individual samples (see Appendix A and green
error bars in Fig. 1). We adopt an overall error of δFa < 10 au/Fa < 10 au =
0.15 for our model fit.

2.2 Model for planet suppression

With our binary statistics in hand, we now compute the planet
suppression rate as a function of binary orbital separation. Utilizing
AO imaging of KOIs, Kraus et al. (2016) discovered an intrinsic
deficit of stellar companions below a < 50 au relative to the field
population. Accounting for the resolution and sensitivity of their
AO observations, they fit a two-parameter step function to model
planet suppression. Kraus et al. (2016) reported that only Sbin =
34+14

−15 per cent of binaries inside of acut < 47+59
−23 au are capable of

hosting interior S-type planets compared to wider binaries and single
stars (dotted line in our Fig. 3). The suppression factor Sbin is therefore
the ratio of the stellar companion fraction in planet hosts versus field
stars, e.g. Sbin = 0 per cent corresponds to no planets due to complete
suppression by binaries, whereas Sbin = 100 per cent implies the
stellar companion rate of planet hosts is equal to that of field stars.
We also show in Fig. 3 the actual Kraus et al. (2016) measurements
for Sbin across ρ = 5–500 au (their red histogram divided by their
blue curve in the right-hand panel of their fig. 7; see our Appendix B
for details). Kraus et al. (2016) identified a few additional stellar
companions to KOIs with ρ = 2–5 au, but they argued they are
seen in projection and therefore likely have true orbital separations
beyond a > 5 au.

A non-zero suppression factor cannot arbitrarily extend to very
small separations. For S-type planets with Pp = 10 d, dynamical
stability alone requires Sbin = 0 per cent for a < 0.4 au (Holman &
Wiegert 1999). Although AO imaging cannot readily detect faint
WD or low-mass companions within a < 10 au, high-precision
spectroscopic RV monitoring is sensitive to most stellar-mass com-
panions inside this limit. Based on long-term RV monitoring of stars
hosting close giant planets, Knutson et al. (2014) and Bryan et al.
(2016) showed that the close binary fraction is extremely small,
consistent with zero within a < 10 au. Combining their results, Ngo
et al. (2016) reported that the binary fraction of hot Jupiter hosts is
4 per cent+4 per cent

−2 per cent inside of a < 50 au. The observed solar-type field
binary fraction is 34 ± 4 per cent within the same separation limit (see
Fig. 2), providing Sbin = 0.04/0.34 = 12+12

−6 per cent. In Appendix B,
we analyse the Ngo et al. (2016) RV observations across two different
separation intervals, resulting in an upper limit of Sbin < 12 per cent
across a = 1–10 au and Sbin = 31+26

−16 per cent across a = 10–50 au
(two magenta data points in Fig. 3). The wide binary fraction of hot

Figure 3. The suppression factor Sbin, i.e. the ratio of the stellar companion
fraction in planet hosts versus field stars, as a function of binary separation. We
display the measurements from RV monitoring of hot Jupiter hosts (Ngo et al.
2016, magenta), AO observations of KOIs (Kraus et al. 2016, green), speckle
imaging of K2 planet candidate hosts (Matson et al. 2018, red), speckle
imaging of TOIs (Ziegler et al. 2020, orange), and the combined RV and
AO observations of transiting KOIs, giant planets, and multiplanet systems
(Wang et al. 2014b, 2015b,c, blue). Kraus et al. (2016) fitted a step-function
model for suppression such that only Sbin = 34 per cent of binaries within a <

47 au could potentially host planets (dotted line). The RV observations instead
demonstrate that the suppression factor is even smaller at closer separations,
and so we adopt full suppression (Sbin = 0 per cent) of S-type planets when
binary separations are within a < 1 au, nearly complete suppression (Sbin =
15+17

−12 per cent) at a = 10 au, and no suppression (Sbin = 100 per cent) beyond
a > 200+200

−120 au (solid lines).

Jupiter hosts is the subject of Paper II, and so we investigate the AO
imaging constraints from Ngo et al. (2016) in our subsequent study.

In a series of papers, Wang et al. combined both RV and AO
observations to identify binary star companions in different types of
Kepler planetary systems, including KOIs, which are dominated by
smaller planets (Wang et al. 2014a,b), transiting giant planets (Wang
et al. 2015b), and transiting multiplanet systems (Wang et al. 2015c).
The details vary from sample to sample, but they concluded that
there is nearly complete suppression of S-type planets when binary
separations are below a < 10 au, moderate suppression for binaries
with a = 10–100 au, and little to no planet suppression in wide
binaries with a > 100 au. Wang et al. (2014b) speculated that small
planet KOIs may be slightly suppressed (Sbin = 60 per cent) in wide
binaries with a = 200–1500 au, but we attribute this minor effect
to photometric dilution whereby bright stellar companions decrease
the probability of detecting small transiting planets (see Section 3.3).
In Appendix B, we combine the different surveys by Wang et al. to
compute the suppression factor Sbin for different orbital separations
across a = 1–320 au. We display the results as the blue data points
in Fig. 3.

Matson et al. (2018) performed a speckle imaging survey with
WIYN and Gemini for stellar companions to K2 planet candidate
host stars. After accounting for the sensitivity and resolution of their
observations, they reported a binary star fraction across projected
separations of 15–300 au that is consistent with the field. Based
on their observed sample of 10 binaries with projected separations
within < 50 au, they concluded that close binaries do not suppress
planet formation, opposite the conclusions of the previously cited
studies. However, Matson et al. (2018) detected most of their stellar
companions beyond a > 50 au, and therefore had minimal leverage
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Planet Occurrence Rates 

• The T Tauri disk result 
aligns well with planet 
occurrence rates: 
binaries <50 au 
strongly supress 
planet formation 

• Recall that the 
truncation radius for 
the disk is ~1/3 the 
separation (modulo 
eccentricity). 

Moe & Kratter 2021



Measuring Planet-Binary 
Alignment
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Alignment is statistical 
Trent Dupuy (UT Austin) ExSS III 

Are the stellar & planetary orbits aligned? 

                               

                               

planet 
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Are the stellar & planetary orbits aligned? 
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measure i = 90.3±3.5° if 
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on orbits that are 
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but…



Planet 
Alignment

• Strong evidence for 
preferential alignment (<30 
deg) for Kepler planets and 
binary companions with 
a~<100 au. 

• Note that 30 !=0. Fits with 
two components are also 
possible

Kepler Planet–Binary Alignment is Common 9
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Figure 6. Histograms of simulated W values, same as Figure 5, except
here the planet-binary mutual inclinations are misaligned by the
angle q0 ± 5°. Misalignment increases from top to bottom, and the
most misaligned cases are highly inconsistent with the observed W

distribution, even for highly eccentric orbits. The bottom row (q0 =
45°) corresponds to the mutual inclinations expected as the outcome
of Kozai-Lidov planet migration.

tributions, combined with the ten mutual inclination distributions,
resulted in a total of 30 distinct simulations of binary orbital arcs.

4.2.2 Statistical tests of simulated W distributions

Figure 5 shows distributions of W for isotropic orbital inclinations, as
would be expected if the transiting planet orbital plane were indepen-
dent of the binary orbital plane. Unlike the observed distribution of
W, these distributions all have minima at low W. This is the opposite
of the observed distribution that has a minimum at high W and rises
to peak at low W. Even very high eccentricities are not su�cient to
fully reverse the shape of the W distribution under the assumption of
isotropic inclinations.

Next, Figure 6 shows distributions of W when the planet and binary
orbits are all misaligned by a specific amount. For instance, in the
end state of Kozai-Lidov migration binaries and planets would be
expected to be misaligned by &40° (e.g., Fabrycky & Tremaine 2007;
Naoz et al. 2011). Distributions of W for mutual inclinations that
range from perfectly aligned up to a varying degree of maximum
misalignment are shown in Figure 7. In general, highly-misaligned
orbits do not provide a good match to the observed distribution, again
regardless of eccentricity. Yet highly-aligned orbits also provide a
poor match, peaking more strongly at low W than is observed.

To quantitatively assess the significance of di�erences between our
observed orbital arcs and simulated data, we performed tests of the
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Figure 7. Histograms of simulated W values, same as Figure 5, except
here the planet-binary mutual inclinations are uniformly distributed
from perfectly aligned (q = 0°) up to maximum misalignment of
qmax. The most aligned cases are more peaked toward W = 0° than
our observed distribution, and the less aligned cases are too flat,
unless eccentricities are also very high. A field binary-like eccentric-
ity distribution (middle column) and qmax = 30° provides the best
match to the observed W distribution.

cumulative distribution functions of W. In order to account for the fact
that our orbital arc measurement errors ( §d and §\) do not necessarily
propagate to symmetric errors on W, we conducted our tests using
104 Monte Carlo trials. We computed the Kolmogorov-Smirnov (K-
S) and Anderson-Darling (A-D) statistics, and the associated K-S
probability, for every trial and adopted the mean value obtained for
each of the 50 simulated orbit distributions.

The field binary-like eccentricity distribution with aligned orbits
up to qmax = 30° gave the best K-S statistic (? = 0.81) and best A-
D statistic (0.03). In fact, regardless of the eccentricity distribution
tested, this same mutual inclination distribution always gave good
K-S (? > 0.55) and A-D (<0.04) statistics. Several other simulated
orbit parameters gave acceptable statistics, generally falling into two
categories. One is comparable to the best-matching case, except with
slightly lower or higher values of qmax, ranging from 20° to 50°.
Within this category, the more aligned cases showed a preference
for more circular orbits, and the converse was true for less aligned
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Open Questions

• What is the fractional contribution of core vs disk 
fragmentation? Do these lead to different disk and 
planet formation outcomes? 

• What drives observed differences in disks in singles vs 
multis: age, mass, detection biases are hard to 
address!! 

• At what stage are planetary system properties “frozen 
in” especially e.g. inclination


