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Abstract

A significant fraction of, and possibly all, stars form in binary or multiple systems. For solar-mass stars in the
Galactic field, the distribution of orbital separations is log-normal over 7 orders of magnitude, from
102 to 10° au. In contrast, the separation distributions of systems in nearby star-forming regions paint a much
more confusing picture. There appears to be an excess of systems in the separation range 10-1000 au, and recent
high-resolution spectroscopic observations of close (<10 au) systems suggest a field-like distribution in some
star-forming regions, but a possible excess with respect to the field in other regions. Furthermore, the resolution
limit of numerical simulations of binary star formation is ~1 au, and consequently, comparisons with the binary
distributions in star-forming regions and in the field are restricted. In this paper, we demonstrate that these
observational uncertainties and limitations in the simulations are potentially a much bigger problem than
previously realised. We show that the log-normal separation distribution in the field can be reproduced by
combining constituent binary populations whose initial separation distributions have a very different form from a
log-normal. We also argue that the observed excess of binaries in the range 10-62 au in the Orion Nebula Cluster
(ONC) compared to the Galactic field is not necessarily inconsistent with the field population, because the ONC is
only one of many star-forming regions that populate the field. We propose that further observations of
spectroscopic binaries in star-forming regions to probe and complete the <10 au parameter space are urgently
needed.

Unified Astronomy Thesaurus concepts: Star forming regions (1565); Star formation (1569); Binary stars (154);

Close binary stars (254); Spectroscopic binary stars (1557)

1. Introduction

A significant proportion of stellar systems in the Galactic
field are found in binary or multiple systems (30%-90%,
depending on the primary mass in the system; A. Duquennoy
& M. Mayor 1991; A. Tokovinin 2008; D. Raghavan et al.
2010; H. Sana et al. 2013; R. J. De Rosa et al. 2014;
A. Tokovinin 2014; K. Ward-Duong et al. 2015), and the
fraction of binary and multiple systems in star-forming regions
is higher still (B. Reipurth et al. 2007; X. Chen et al. 2013).

However, the statistics for binary and multiple systems in
star-forming regions are highly incomplete, especially when
compared to similar properties in the Galactic field (R. R. King
et al. 2012a, 2012b). For example, the range of orbital
separations for solar-mass primary systems in the field spans
7 orders of magnitude, from 1072 to 10° au. In contrast, in the
Taurus star-forming region, the observed range is between
20 and 2000 au (R. Kohler & C. Leinert 1998), and in the more
distant (and crowded) Orion Nebula Cluster (ONC), the
observed range is between 10 and 620 au (B. Reipurth et al.
2007; G. Duchéne et al. 2018).

Recent work by M. Kounkel et al. (2019) analyzing
spectroscopic binaries in the APOGEE-2 data in a handful of
star-forming regions has suggested that close binaries in these
nearby star-forming regions may follow a similar period
distribution to the field. However, observations of close
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binaries in young moving groups find an excess of spectro-
scopic binaries compared to the field (S. Zufiga-Fernandez
et al. 2021).

Complicating matters further is the generally accepted
notion that dynamical encounters in star-forming regions
(which are orders of magnitude more dense than the Galactic
field) change the orbital separation distribution of binary
systems (e.g., P. Kroupa 1995a, 1995b; P. Kroupa et al. 1999;
R. J. Parker et al. 2011; M. Marks & P. Kroupa 2012;
R.J. Parker 2023; C. Cournoyer-Cloutier et al. 2024, and many
others), as well as destroying the wider systems and thereby
reducing the overall fraction of binary or multiple systems.

Furthermore, the uncertainty over whether spectroscopic
binaries in star-forming regions should match the distribution
in the field is exacerbated by the resolution limit of
hydrodynamical simulations that follow the formation of
stellar binaries. These simulations do not yet make predictions
for the abundance of very close binary systems, as no binaries
with separations less than ~1 au can form in these simulations
(e.g., M. R. Bate 2012, 2014).

Given this lack of observational consensus and absence of
simulation data for close stellar binaries, it is usually assumed
that the orbital separation distributions in star-forming regions
follow the log-normal distribution of binary separations in the
Galactic field (D. Raghavan et al. 2010). However, this is
the distribution for binaries with a solar-mass primary star, and
the peak of this distribution (i.e., the mode of binary
separations) depends on primary mass (H. Sana et al. 2013;
R. J. De Rosa et al. 2014; K. Ward-Duong et al. 2015).

Because close (<10au) binary systems are dynamically
“hard” (D. C. Heggie 1975;J. G. Hills 1975a, 1975b), they are
not susceptible to destruction and it is often assumed that the
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Table 1
Literature Log-normal Fits to the Binary Populations Observed in The Galactic Field

Type Primary Mass Sfroule a log,, a Ologyga References Line in Figures 1 and 2
(au)

M 0.08 < m, <0.45 0.42 30 1.48 1.53 D. A. Fischer & G. W. Marcy (1992) N/A

M 0.08 < m, <0.45 0.34 16 1.20 0.80 C. Bergfors et al. (2010), M. Janson et al. (2012) Dashed blue

M 0.08 < m, <045 0.65 0.22 —0.66 1.86 K. Ward-Duong et al. (2015) Solid blue

G 08 <m,<12 0.58 30 1.48 1.53 A. Duquennoy & M. Mayor (1991) Dashed red

G 08 <m,<12 0.46 50 1.70 1.68 D. Raghavan et al. (2010) Solid red

Note. We show the spectral type of the primary mass, the main-sequence mass range this corresponds to, the multiplicity fraction f,,;;, the mean separation @, and the

mean (log|, @) and variance (0iog,4) Of the log-normal fits to these distributions.

separation distribution of close binaries must match the
distribution of close binaries in the Galactic field
(P. Kroupa 1995a, 1995b). Furthermore, it is thought that the
close binary distribution provides direct information on the
outcome of the star formation process, as these systems are
unaffected by dynamical encounters.

However, the binary population in the field must be the sum
of binary distributions from many different star-forming
regions, and so the individual binary properties (including
the numbers of close binaries) may vary from region to region,
and may produce (slightly) different distributions of close
separation binaries. In addition, several theoretical works
(S. W. Stahler 2010; C. Korntreff et al. 2012) have argued that
the orbital distribution of <10au binaries is actually very
different to that in the Galactic field, with a significant excess
of these systems immediately after formation, which then
decay due to gas friction and merge to form single stars (and
hence would not be included in the observed binary separation
distribution at later ages).

In this paper, we propose that the close binary population in
star-forming regions is so uncertain that it should be targeted
by observations as a matter of urgency. In Section 2, we
review the current observational and theoretical work on
binary separation distributions in star-forming regions. In
Section 3, we demonstrate how different separation distribu-
tions in individual star-forming regions could be in comparison
to the Galactic field population. We discuss our results in
Section 4, and we present conclusions in Section 5.

2. Observational and Theoretical Constraints

The primary detection method for short-period (close) binary
systems is via the radial velocity technique, and this has only
been used sparingly to detect binaries in star-forming regions.
Instead, the main detection method in star-forming regions is via
visual imaging of companions. Although dependent on the
distance to the region in question, observations typically probe
the separation range 10—1000 au, and it is unclear whether the
unseen binary populations in the regions thus far observed are
consistent with the Galactic field population.

The Heggie—Hills law (D. C. Heggie 1975; J. G. Hills
1975a, 1975b) compares the binding energy of an individual
binary to the typical encounter energy in a star-forming region
to determine how likely it is that the binary in question will be
destroyed. Close (“hard” or “fast”) binary systems are unlikely
to be destroyed in star-forming regions (though their orbital
separations may decrease), whereas wide (“soft” or “slow”)
systems are highly likely to be destroyed. The hard—soft
boundary depends on the stellar density and velocity

dispersion in a star-forming region, but for most star-forming
regions the observed visual binaries straddle the hard—soft
boundary (typically tens to hundreds of au), and for these
systems it is unclear whether we are oberving the outcome of
star formation, or whether these systems have undergone
significant alteration due to dynamical encounters.

In the following, we compare the separation distribution of
visual binaries in the ONC and Taurus to the separation
distributions of binaries in the local solar neighborhood. The
histograms of the separations of field binaries are typically fit
with a Gaussian or log-normal (see, e.g., A. Duquennoy &
M. Mayor 1991; D. A. Fischer & G. W. Marcy 1992;
C. Bergfors et al. 2010; D. Raghavan et al. 2010; M. Janson
et al. 2012; K. Ward-Duong et al. 2015; C. Cifuentes et al.
2025, though there is some deviation from a Gaussian in the
separation distribution in most of these studies), and are fit
with two parameters, the (log) mean separation, log, @, and
the variance, 0jog,, z- These log-normal fits are then normalized
to the overall multiplicity fraction f,, of the sample in
question, given by

B+T+ ..

— ey
S+B+T+ ..

fmult =

where S, B, and T are the numbers of single, binary, and triple
systems.

In Table 1, we show log, a, Olog,ya> and f;,u; from several
works. The overall consensus is that the multiplicity fraction
and the peak, or mean, separation decrease as a function of the
primary mass component in a binary system (G. Duchéne &
A. Kraus 2013), although again there is some uncertainty due to
limitations in the separation ranges probed by the observations.
For example, K. Ward-Duong et al. (2015) see an increasing
number of binaries with short separations with primary mass,
and their “unrestricted” fit to the data implies a peak at much
smaller separations (~0.2au) than previous work (~16 au;
C. Bergfors et al. 2010; M. Janson et al. 2012), which itself is a
revision downward from the first M-dwarf binary survey paper
(which found the peak of the separation distribution to be at
30 au; D. A. Fischer & G. W. Marcy 1992).

In Figure 1, we show the separation distributions for
binaries in the ONC (panel (a)) and Taurus (panel (b)). The
most recent observations of the ONC (G. Duchéne et al. 2018)
appear to show a significant excess of binaries in the range
10-62 au, compared to the Galactic field. Taurus also has an
excess of binaries compared to the Galactic field (R. Kohler &
C. Leinert 1998), but in the full separation range probed by the
observations (20-2000 au). For comparison, the log-normal
fits to the G-dwarf field binary separation distributions are
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Figure 1. Observations of binary separations in two star-forming regions. Data for visual binaries in the ONC are shown in panel (a); the leftmost bin is from
G. Duchéne et al. (2018), and the other bins are from B. Reipurth et al. (2007). Data for visual binaries in Taurus (R. Kohler & C. Leinert 1998) are shown in panel
(b). In both panels, we also show two different fits to the observed G-dwarf Galactic field population from D. Raghavan et al. (2010, the solid red line) and
A. Duquennoy & M. Mayor (1991, the dashed red line), and two different fits to the observed M-dwarf Galactic field population from K. Ward-Duong et al. (2015,

the solid blue line) and M. Janson et al. (2012, the dashed blue line).

shown by the solid red (D. Raghavan et al. 2010) and dashed
red (A. Duquennoy & M. Mayor 1991) lines, and the log-
normal fit to the field M-dwarf binary separation distribution
(C. Bergfors et al. 2010; M. Janson et al. 2012) is shown by the
blue dashed line. A fit to the M-dwarf field binaries, taking into
account possible observational incompleteness (K. Ward-Duong
et al. 2015), is shown by the solid blue line.

The excess of wider binaries in Taurus has been explained as
being due to dynamical destruction of binary and multiple systems
in their natal star-forming regions. This led to the hypothesis of a
“universal” binary separation distribution, proposed to be the
outcome of the star formation process and then dynamically
altered to varying degrees, depending on the density of the star-
forming region in question (P. Kroupa 1995a, 1995b; P. Kroupa
et al. 1999; P. Kroupa & M. G. Petr-Gotzens 2011; M. Marks
et al. 2011; M. Marks & P. Kroupa 2012). P. Kroupa (1995b)
argues that most star-forming regions are therefore dense because
the field population (likely to be the sum of many different star-
forming regions) does not contain an excess of wide systems, and
in this hypothesis, Taurus is an outlier due to its excess of wide
systems compared to the field.

The “universal” initial binary separation distribution (which
also assumes all stars form in multiples, i.e., fiue = 1) i8S
shown by the solid black line in Figure 2. (Note that this
distribution was originally formulated in terms of the period
distribution; R. J. Parker & M. R. Meyer (2014) and
H. A. Ballantyne et al. (2021) recast this in terms of the
separation, thus:

logga — 1og;y admin
§ + (logjpa — 10g,y@min)>’

fdogya) =n 2

where log, a is the logarithm of the semimajor axis in au and
log;y@min = —2 [@min = 0.01 au]. The numerical constants are
n=2>525and 6 = 77.)

The “universal” initial binary distribution was inferred from
comparing the evolution of binary populations in N-body
simulations of star clusters. Because binaries with close
(<10 au) separations are dynamically “hard,” they are unlikely
to be destroyed, and so the separation distribution for close
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Figure 2. The distribution of binary separations from hydrodynamical
simulations of star formation. The simulations shown are from M. R. Bate
(2014, the solid histogram), but results from an earlier simulation presented in
M. R. Bate (2012) are very similar. For comparison, we show the proposed
initial “universal” binary distribution from P. Kroupa (1995a) inferred from N-
body simulations (the solid black line), as well as two different fits to the
observed G-dwarf Galactic field population from D. Raghavan et al. (2010, the
solid red line) and A. Duquennoy & M. Mayor (1991, the dashed red line), and
two different fits to the observed M-dwarf Galactic field population from
K. Ward-Duong et al. (2015, the solid blue line) and M. Janson et al. (2012,
the dashed blue line).

binaries was assumed to match the A. Duquennoy & M. Mayor
(1991) distribution.

Other theoretical constraints on the binary separation
distribution come from hydrodynamical simulations. In
Figure 2, we also show the separations from the radiation
hydrodynamical simulations of star cluster formation pre-
sented in M. R. Bate (2012) and M. R. Bate (2014). These
simulations have a resolution limit at around 0.5 au, due to the
size of the sink particles used to reduce the computational
expense of the calculation. While far from conclusive, these
simulations seem to hint at an excess of binaries at small
separations compared to the Galactic field G-dwarf systems
(compare the histogram to the solid red line in Figure 2).
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Finally, S. W. Stahler (2010) and C. Korntreff et al. (2012)
also argue for an excess of binaries with small separations
immediately after star formation, on the basis that some of
these decay and merge due to dynamical friction with the gas
in their natal pre/protostellar core.

3. The Field Binary Population as the Sum of Star-forming
Regions

The log-normal distribution of binary separations in the field
is sometimes characterized as being the sum of multiple
different distributions overlaid on top of each other. It is
usually assumed that these distributions would have a similar
shape to the underlying field distribution. In the following, we
show that it is relatively straightforward to reproduce the
symmetrical log-normal distribution in the field by combining
several asymmetric (e.g., Maxwell-Boltzmann) distributions
with different peak semimajor axes.

The distribution of wider binary orbits (>10 au) in the field
has been fit by functions similar to Maxwell-Boltzmann
distributions (K. El-Badry et al. 2021; V. V. Makarov 2025),
and although some theoretical arguments rule out the binary
separation distribution as being a true Maxwell-Boltzmann
distribution (see the discussion in V. V. Makarov 2025 of the
separation distributions in J. H. Jeans 1919 and V. A. Ambart-
sumian 1937), the mathematical form of its probability
distribution is a convenient way to produce peaked distribu-
tions with a tail that are similar to wide systems (>103 au)
observed in the field, and the excess of intermediate separation
binaries (1-100au) formed in numerical simulations
(M. R. Bate 2012, 2014).

To demonstrate that the sum of different types of one
distribution shape can lead to an overall distribution with a
different shape, we draw five sets of N =2000 binaries, each
with separations drawn from a Maxwell-Boltzmann-like
distribution with a probability density distribution of the form:

2 (10 a—lo amin)z
floga) = |2 (ogo 3g10
T b
—(logy a — logy, Amin)* ]’ 3)

X exp[ e
where log,a is the separation (a > amin), and b is the
characteristic width of the distribution.”

We keep b constant, adopting b = 2, but we vary the peak of
the distribution for each set of binaries by setting a different
minimum separation log;, dmin, as outlined in the upper portion
of Table 2, with each set labeled “Constituent 1”—“Constituent
5.” This allows the distribution to be moved along the log,, a
axis such that it can have a different peak separation, but retain
the shape of a Maxwell-Boltzmann distribution.

We assume that each set of binaries is part of a population of
stars with an overall multiplicity fraction f;,,;, = 0.55, and
separations drawn from the Maxwell-Boltzmann-like distri-
butions summarized in Table 2.

We show the summed distribution which combines all five
binary populations by the open/white histogram in Figure 3,
and we show three of the five Maxwell-Boltzmann distribu-
tions (Constituent 1, Constituent 3, and Constituent 5; we omit
the other two for clarity, but the binaries drawn from them are

2 This is usually denoted a, but we avoid confusion with the semimajor axis
by using b.
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Table 2
Different Maxwell-Boltzmann-like Distribution Fits Used in This Work
Label b log, ) dmin a log,,a ool
(au)
Constituent 1 2 -3 1.14 0.057 0.55
Constituent 2 2 —24 3.72 0.57 0.55
Constituent 3 2 —1.8 37 1.57 0.55
Constituent 4 2 —-0.6 372 2.57 0.55
Constituent 5 2 0.6 3715 3.57 0.55
MB fit 1 1.75 -2 32 0.57 0.9
MB fit 2 1.25 -1 6.3 0.80 0.75
MB fit 3 1.75 —-1.5 10 1.00 0.55

Note. We show the fit label (for interpretation of Figures 3 and 4), the width of
the Maxwell-Boltzmann (MB) distribution b, the minimum (log,,,) separation,
log;y @min, of the distribution, the resultant mean separation &, and the
logarithm of the mean (log,,a), which is the peak of each Maxwell-
Boltzmann distribution, and the multiplicity fraction fi,, the distribution is
scaled to.

included in the summed distribution (the open/white histo-
gram)). For comparison with the binary population in the
Galactic field, we show the log-normal fit to the field from
D. Raghavan et al. (2010) with the solid red line. Clearly, the
mixture of these constituent Maxwell-Boltzmann distributions
can produce a log-normal distribution similar to that in
the field.

This demonstration of the central limit theorem, where the
sum of several distributions leads to a log-normal (e.g., P. Hall
& C. Heyde 1980), suggests that the field separation
distribution is the sum of many different separation distribu-
tions. While we could make our composite population more
complex by adding further constituent populations, and/or
changing the multiplicity fraction of each population, we
consider the summed composite distribution in Figure 3 an
adequate demonstration of our argument.

We note here that our summed distribution involves
contributions from constituent distributions with very different
properties (i.e., much larger separations) than are predicted by
theory (e.g., M. R. Bate 2012, 2014) or observed in star-forming
regions (e.g., R. Kohler & C. Leinert 1998; B. Reipurth et al.
2007; G. Duchéne et al. 2018). Our goal here was to demonstrate
that constituent distributions that deviate from a log-normal can
reproduce a log-normal distribution as observed in the Galactic
field. In reality, the widest binaries in the field are likely to form
during the dynamical dissolution of star-forming regions (e.g.,
M. B. N. Kouwenhoven et al. 2010; N. Moeckel &
M. R. Bate 2010; R. J. Parker & M. R. Meyer 2014), and there
are very few constraints on the amount of possible variation in
the separation distributions of close (<1 au) binaries (S. W. Sta-
hler 2010; C. Korntreff et al. 2012).

Having demonstrated that summed/combined Maxwell—
Boltzmann distributions could result in a field-like log-normal
distribution, we now show the type of fit that would be
required to fit a smooth, continuous function to the data for the
ONC, which now includes the 10-62 au bin with a significant
excess of binaries compared to both the Galactic field, and the
wider binaries in the ONC with separations in the range
62-620 au.

In Figure 4, we show the data from the ONC by the dotted
histogram, as well as the log-normal fits to the field G-dwarf
binaries (D. Raghavan et al. 2010, the solid red line) and the field
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Figure 3. The separation distribution as a result of summing together five
separate binary populations drawn from Maxwell-Boltzmann distributions
with the properties listed in Table 2. For clarity, we only show three of the
Maxwell-Boltzmann distributions (those with peaks at 1, 37, and 3715 au), but
the summed distribution (the white/open histogram) contains all five
populations, including those with peaks at 3.7 and 372 au. For reference, we

also show the log-normal fit to the field binaries presented in D. Raghavan
et al. (2010) with the solid red line.

M-dwarf binaries (C. Bergfors et al. 2010; M. Janson et al. 2012,
the dashed blue line). The postulated ‘“universal” pre-main
sequence from P. Kroupa (1995a) is shown by the solid black
line, and the gray histogram shows the separation distribution
from hydrodynamical simulations (M. R. Bate 2012, 2014).

We then also show three Maxwell-Boltzmann-like dis-
tributions, two of which could feasibly fit the ONC data and
and one that is more consistent with the results from numerical
simulations (M. R. Bate 2012, 2014). Details of the fits are
provided in the lower portion of Table 2. The first fit, shown by
the purple dotted line in Figure 4, has a peak at 3.2 au and is
normalized to a multiplicity fraction of f,,,;c = 0.9. The second
fit, shown by the green dotted—dashed line, has a peak at 6.3 au
and is normalized to a binary fraction of f;,,; = 0.75. The third
fit, shown by the orange dashed line, has a peak at 10 au and is
normalized to a binary fraction of 0.55.

Both our fits to the ONC data peak at separations less than
10 au (for context, the fits to the Galactic field population peak
at several tens of au), and the multiplicity fraction is
significantly higher than that in the Galactic field (0.75-0.9
versus 0.3-0.6, depending on the study). The Maxwell-
Boltzmann fit peaks at slightly shorter separations than the
ONC data in the range 10-62au from G. Duchéne et al.
(2018), where there is a significant excess of binaries
compared to the field. The tail of the Maxwell-Boltzmann fit
then passes through the histogram bins for the wider systems
in the ONC (62-620 au; B. Reipurth et al. 2007).

In order to be consistent with the fits to the ONC data, the
number of binaries in numerical simulations with separations
<50 au would need to be higher. The number of binaries in
these simulations may be a lower limit to the true number
because the simulation resolution limit is at around 0.5 au
(meaning more close binaries would form in reality). However,
the initial conditions of the simulations will almost certainly be
(slightly) different from the initial conditions for star formation
in the ONC, which will affect the number of binaries that form,
even if only at the level of statistical noise.
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Figure 4. Hypothetical fits to the ONC binary separation distribution that
would be consistent with the corresponding distributions from numerical
simulations. The data for binaries in the ONC are shown by the dot-filled
histogram. For comparison, we also show the log-normal fits to the field
G-dwarf binaries (D. Raghavan et al. 2010, the solid red line) and the field
M-dwarf binaries (C. Bergfors et al. 2010; M. Janson et al. 2012, the dashed
blue line). The postulated “universal” pre-main sequence from P. Kroupa
(1995a) is shown by the solid black line. We show the simulation data from
M. R. Bate (2012, 2014) by the solid gray histogram. The two different
Maxwell-Boltzmann distributions that would be consistent with the ONC data
are shown by the dotted purple line and the dotted—dashed green line, and a
Maxwell-Boltzmann distribution that is a reasonable fit to the separation
distributions from numerical simulations is shown by the orange dashed line.
Details for all three fits are provided in Table 2.

4. Discussion

We have shown that a combination of binary populations
where the separations are drawn from Maxwell-Boltzmann
distributions can sum together to produce the log-normal
distribution observed in the Galactic field binary population.
We also show that a Maxwell-Boltzmann distribution could fit
the observed separation distribution of binaries in the ONC, if
the excess of binaries in the range 10-62au observed by
G. Duchéne et al. (2018) continues to smaller separations.

We emphasize here that we are not proposing that a
Maxwell-Boltzmann distribution, which formally describes
the velocities of particles in an ideal gas, is a wholly
appropriate distribution to describe the semimajor axis
distribution of binary stars (see also J. H. Jeans 1919;
V. A. Ambartsumian 1937; V. V. Makarov 2025). Rather,
we propose that the characteristic shape of this distribution—a
peak with a tail of higher values—is a better approximation to
some observational and simulation data than the more
commonly used (symmetrical) log-normal distribution.

The implications of our results are two-fold. First, the
excess of binaries in the range 10-62 au in the ONC does not
necessarily imply that star-forming regions like the ONC do
not contribute binary and multiple systems to the field. It is
possible that further dynamical interactions in the ONC could
reduce the number of these systems before they enter the field.
However, this would also further reduce the number of wider
(softer) binaries, thus making the overall distribution very
unfield-like. If no (or very little) further dynamical processing
of the ONC binary population occurs, then to be consistent
with the field population, the ONC binaries would need to be
combined with a population that had/has a deficit of systems
in the separation range 10-62 au.

The second implication of our results, in some ways, solves
this first issue. A combination of binary populations with
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different peaks in their separation distributions (and potentially
different multiplicity fractions) can result in a summed
distribution with a very different shape and peak separation
to some of the constituent distributions (e.g., as we show in
Figure 3). In the case of the ONC, it, or a star-forming region
with a similar binary population, could still contribute to the
field population if other contributing region(s) had a deficit of
binaries in a similar separation range.

The separation distribution in the field spans 7 orders of
magnitude, from 102 t0 10° au, whereas observations of binary
populations in star-forming regions typically probe a much
narrower range (typically 10-1000 au; e.g., R. Kohler &
C. Leinert 1998; J. Patience et al. 2002; T. Ratzka et al. 2005;
B. Reipurth et al. 2007; R. Kohler et al. 2008; G. Duchéne et al.
2018). That we can hide very unfield-like separation distribu-
tions within a field-like distribution, and that the ONC data can
be fit with a Maxwell-Boltzmann distribution that would imply
a significant excess of binaries with separations <10 au,
suggests that there are very few constraints for predicting the
binary populations in individual star-forming regions.

The only targeted study of spectroscopic binaries in young
star-forming regions is the work by M. Kounkel et al. (2019),
who find little evidence of any variation in the multiplicity
fraction compared to the field at small separations, and they
suggest that the period (separation) distribution is also
consistent with the field. However, this appears to be
incongruous with the observed excess of 10-62 au separation
binaries in the ONC (G. Duchéne et al. 2018), and in other
star-forming regions (see S. S. R. Offner et al. 2023 for a
review). Furthermore, observations of spectroscopic binaries in
nearby young moving groups suggest an excess of close binaries
with respect to the field population (S. Zuiiga-Fernindez
et al. 2021).

These results suggest that new observations targeted at the
separation ranges currently not probed by observations of
visual binaries in star-forming regions would be highly
beneficial. The currently observed separation range of visual
binaries in star-forming regions is too narrow to draw any
strong conclusions about the provenance of binary systems in
the Galactic field, nor is it wide enough to robustly test the
outcome of hydrodynamic simulations of star formation.

5. Conclusions

In this paper, we have sampled asymmetric Maxwell—
Boltzmann distributions to create a population of binary stars
whose separation distribution resembles the log-normal
separation distribution observed in the Galactic field. We
compare the constituent distributions to the separation
distribution observed in the ONC, and to the separation
distribution produced in numerical simulations of star forma-
tion. Our conclusions are as follows:

(1) Binary populations with separations drawn from several
Maxwell-Boltzmann distributions with different peak separa-
tions can be combined to form a log-normal distribution that
resembles the Galactic field binary population. This implies
that the field may not simply be the sum of lots of constituent
distributions with similar properties (shape, mean separation,
etc.), but that the constituent distributions could have very
different properties.

(ii) Similarly, the proposed “universal” separation distribution
(P. Kroupa 1995a; P. Kroupa & M. G. Petr-Gotzens 2011),
which posits that all binaries form from the same underlying
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distribution, requires dynamical processing of wide binaries to
be important, and therefore requires most star-forming regions
to be dense. If the field can be made of binaries drawn from
different populations (i.e., in terms of the shape of the separation
distribution and multiplicity fraction), then there are few, if any,
constraints on the density of the regions they formed in.

(>iii) The observed excess of 10-62 au binaries in the ONC
compared to both the Galactic field, and other star-forming
regions, suggests that either the ONC would not contribute
binaries to the field population, or that binary populations in
star-forming regions are so different from one another that
these differences are statistically insignificant in the sense that
they are then lost in the overall combined distribution.

(iv) The binary separation distribution in the ONC can be fit
with a Maxwell-Boltzmann distribution (or a distribution like
it), which would require a similar or even larger excess of
binaries with separations less than 10au as the excess of
10-62 au binaries compared to the field population.

(v) While observations that probe close binaries in star-
forming regions are currently in disagreement over whether the
separation distribution for these system is field-like, there are
hints of an excess of these systems in the separation
distribution of binaries formed in numerical simulations of
star-forming regions.

Taken together, it is clear that the current observed range of
binary separations in star-forming regions (typically 10-1000 au,
compared to the 107>-10° au range in the Galactic field) is
insufficient to constrain theories of multiple star formation, and
further observations of (close) spectroscopic binaries (¢ < 10 au)
similar to the work by M. Kounkel et al. (2019) and
S. Zifiga-Ferndndez et al. (2021) are urgently needed.
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