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Abstract

We characterize protostellar multiplicity in the Orion molecular clouds using Atacama Large Millimeter/
submillimeter Array 0.87 mm and Very Large Array 9 mm continuum surveys toward 328 protostars. These
observatlons are sensitive to pro_]ected spatial separations as small as ~20 au, and we consider source separations
up to 10* au as potential companions. The overall multiplicity fraction (MF) and companion fraction (CF) for the
Orion protostars are 0.30 +0.03 and 0.44 4 0.03, respectively, considering separations from 20 to 10*au. The
MFs and CFs are corrected for potential contamination by unassociated young stars using a probabilistic scheme
based on the surface density of young stars around each protostar. The companion separation distribution as a
whole is double peaked and inconsistent with the separation distribution of solar-type field stars, while the
separation distribution of Flat Spectrum protostars is consistent solar-type field stars. The multiplicity statistics and
companion separatlon distributions of the Perseus star-forming reglon are consistent with those of Orion. Based on
the observed peaks in the Class 0 separations at ~100 au and ~10? au, we argue that multiples with separations
<500 au are likely produced by both disk fragmentation and turbulent fragmentation with migration, and those at
>10? au result primarily from turbulent fragmentatlon We also find that MFs/CFs may rise from Class 0 to Flat
Spectrum protostars between 100 and 10% au in reglons of high 3y0ung stellar object density. This finding may be
evidence for the migration of companions from >10’ au to <10° au, and that some companions between 10° and
10* au must be (or become) unbound.

Unified Astronomy Thesaurus concepts: Protostars (1302); Young stellar objects (1834); Radio interferometry
(1346); Multiple stars (1081)

Supporting material: machine-readable tables

1. Introduction between multiplicity and stellar mass. The highest mass stars
are nearly always part of a multiple system, about 50% of solar
mass stars are in a multiple system, and ~25%-30% of
lower-mass stars are part of a multiple system (Moe & Di
Stefano 2017; Raghavan et al. 2010; Sana & Evans 2011;
Current address: Niels Bohr Institute, University of Copenhagen, @ster Duchéne & Kraus 2013; Ward-Duong et al. 2015). These
Voldgade 5-7, DK-1350, Copenhagen K, Denmark. multiple systems are found at a range of separations from sub-
o ) au scales out to 10* au and beyond. Solar-type companion stars

Original content from this work may be used under the terms have a mean separation of ~50 au, while M class companions

BY of the Creative Commons Attribution 4.0 licence. Any further . i

have a mean separation of ~20au (Raghavan et al. 2010;

distribution of this work must maintain attribution to the author(s) and the title )
of the work, journal citation and DOL Winters et al. 2019).

Main-sequence stars are frequently found in binary or
higher-order multiple systems with a strong correlation
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The high frequency of multiplicity among all stellar spectral
types and the typically close separations of companion stars
suggest that the origin of multiplicity is a direct result of the
physical conditions of star formation. Indeed, multiplicity
studies of pre-main-sequence (Class II and Class III sources)
stars have frequently shown multiplicity fractions comparable
to or in excess of main-sequence stars (Reipurth et al. 2007;
Kraus et al. 2011; Moe & Di Stefano 2017). Therefore, the
multiplicity of main-sequence stars is primarily established
early in stellar evolution. However, the populations of the pre-
main-sequence stars that have been examined are nearly fully
formed stars and may not reflect the actual multiplicity at the
time of formation.

Studies of Class I and more-evolved Flat Spectrum
protostars (Lada 1987) further extended the multiplicity
characterization of young stars to earlier ages using infrared
observations toward nearby star-forming regions (Duchéne
et al. 2004, 2007; Connelley et al. 2008; Kounkel et al. 2016).
These studies found that protostars exhibit an equal or higher
multiplicity fraction than pre-main-sequence populations and
solar-type field stars. Thus, these statistics provide evidence
that most stars form within multiple systems and that the
overall multiplicity (both in frequency and separation distribu-
tion) evolves with protostellar evolution. While important in
establishing that multiplicity properties evolve as populations
of young stars evolve, these studies still excluded the youngest
protostars, Class 0 systems (André et al. 1993), where the dense
infalling envelope of gas and dust limits the utility of near-
infrared observations in most cases.

The youngest (Class 0) protostars are crucial to the study of
multiplicity. This is because the fragmentation mechanisms
expected to produce multiple systems are likely to be the most
active during this phase when the largest gas reservoir is
available. The two most favored mechanisms for the formation
of multiple systems are disk fragmentation by gravitational
instability (GI; Adams et al. 1989; Kratter et al. 2010) and
turbulent fragmentation within protostellar cores (Padoan &
Nordlund 2002; Fisher 2004; Offner et al. 2010). Disk
fragmentation preferentially operates on scales of ~100au
and will initially produce close multiples, while turbulent
fragmentation initially produces multiples separated by
2500 au, which can migrate to closer separations or become
unbound (Offner et al. 2010; Lee et al. 2019). Thermal
fragmentation and rotational fragmentation of protostellar
envelopes are also possible (Machida et al. 2008), but are less
likely based on cloud properties (Tohline 2002; Bate 2012).

Interferometry at submillimeter to centimeter wavelengths is
hence required to examine multiplicity during the earliest stage
of protostellar evolution where shorter wavelengths are highly
obscured and longer wavelength imaging has a low angular
resolution. Several studies of multiplicity at submillimeter to
centimeter wavelengths have been conducted toward Class 0
and Class I protostars (e.g., Grossman et al. 1987; Looney et al.
2000; Reipurth et al. 2002; Maury et al. 2010; Chen et al.
2013). While interferometry is capable of high angular
resolution at long wavelengths, studies in the submillimeter
and millimeter observe dust emission surrounding the proto-
stars, likely in the form of a disk, but at A ~1 cm the emission
is a blend of free—free and dust emission. The dust emission
drops off rapidly with increasing wavelength, and the emission
is dominated by free—free at wavelengths >2cm. Thus,
multiplicity toward the youngest protostars is studied by
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detecting emission that is expected to be associated with a
protostar (e.g., dusty disks or compact free—free emission)
rather than detecting direct stellar emission. A limiting factor of
these pioneering studies was their sensitivity, which resulted in
small sample sizes. Moreover, they all had spatial resolution
limitations that prevented multiplicity searches at separations
less than ~100 au in most cases. Thus, these studies had neither
the statistics, resolution, nor sensitivity to examine multiplicity
from >10° au down to <100 au, and they were unable to probe
separations comparable to the peak of the field separation
distribution at ~50 au (Raghavan et al. 2010) and the majority
of the parameter space where disk fragmentation might operate.

The advent of the NSF’s Karl G. Jansky Very Large Array
(VLA) and the Atacama Large Millimeter/submillimeter Array
(ALMA) has changed this landscape dramatically. The factor
of ~10 increases in sensitivity to continuum emission, and
routine observations at a high angular resolution enables all the
practical limitations of earlier multiplicity studies to be
overcome. The first VLA/ALMA Nascent Disk And Multi-
plicity (VANDAM) Survey was conducted toward the Perseus
molecular cloud (Tobin et al. 2015, 2016a; Segura-Cox et al.
2018; Tobin et al. 2018), characterizing the multiplicity toward
all 80 known Class 0 and Class I protostars in the region at a
wavelength of 9 mm and spatial resolution of ~20au (0”.07).
The VANDAM survey resolved multiples as close as 24 au,
finding multiplicity and companion fractions for Class 0
protostars of 0.57 +0.09 and 1.2 £ 0.2, respectively.

While the VANDAM survey surpassed all previous studies
of protostellar multiplicity, the number of protostars and
number of multiples was still low compared to the samples
achieved for main-sequence stars. Thus, the second VANDAM
survey (VANDAM: Orion) was carried out toward protostars in
the Orion A and B molecular clouds (Tobin et al. 2019, 2020)
using the sample from the Herschel Orion Protostar Survey
(HOPS; Fischer et al. 2010; Stutz et al. 2013; Furlan et al.
2016). VANDAM: Orion observed 328 protostars with ALMA
at 0.87mm and 0”.1 (~40au) resolution, and 148 (mostly
Class 0 protostars, a subset of the 328) were observed with the
VLA at 9 mm and 0”.08 (~32 au) resolution (104 pointings).
With these large (and nearly complete) samples of protostars,
we are able to compare the multiplicity statistics between
Perseus and Orion to determine if these regions have similar
multiplicity. Moreover, we analyze the combined statistics to
gain a refined perspective of multiplicity in the protostellar
phase with the largest sample currently available. We present
the best possible statistics available to date and compare with
predictions of multiple formation from theory and simulations.

This paper is organized as follows: the observations and data
analysis are described in Section 2, the multiplicity results are
presented in Sections 3 and 4, we discuss our results in
Section 5, and we present our conclusions in Section 6.

2. Observations and Data Analysis

In this section, we describe the observations, sample
selection, and data analysis methodologies employed to
characterize protostellar multiplicity. See also Tobin et al.
(2016a) and Tobin et al. (2020; hereafter Paper I) for more
detail. Readers chiefly interested in the multiplicity results may
skip ahead to Section 3; however the details of how we arrive at
these results depend upon some novel data analysis methods
that are described starting at Section 2.4 and continuing in
Appendix A.
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Table 1
Orion Catalog

Source Main Source R.A. Decl. Lo Tvol Class Yvso Distance

(J2000) (J2000) € o) () (pc?) (pc)
HH270VLAI1-A HH270VLAL1 05:51:34.587 +02:56:46.01 7.34 32.00 0 22 430.1
HH270VLA1-B HH270VLALI 05:51:34.600 +02:56:45.88 7.34 32.00 0 22 430.1
HH270mms1-B HH270mms1 05:51:22.632 +02:56:06.80 7.74 72.00 I 22 405.7
HH270mms1-A HH270mms1 05:51:22.717 +02:56:04.98 7.74 72.00 I 22 405.7
HH270mms2 HH270mms2 05:51:22.572 +02:55:43.16 4.55 249.00 Flat 22 413.3

Note. Table 1 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

2.1. ALMA and VLA Observations

The ALMA observations were conducted between 2016 and
2017 at 0.87 mm toward 328 protostars in Orion and have a
typical angular resolution of 0”.1. The VLA observations were
also conducted between 2016 and 2017 at 9.1 mm toward 148
systems with a typical angular resolution of 0”.08. The
observations and data reduction were described in Paper I,
and we do not discuss these details further. The same data
presented in Paper I are used for the analyses in this paper. The
reduced data are available from the Harvard Dataverse.”'

In addition to Orion, we also present further analysis of the
observations toward protostars in the Perseus molecular cloud.
The details of these observations and data reduction were
presented in Tobin et al. (2016a). The Perseus observations
also had a typical angular resolution of 0”.08, and the reduced
data are available from the Harvard Dataverse.”

2.2. The Orion Sample

The sample of Orion protostars is drawn from the HOPS
Survey (Fischer et al. 2010; Stutz et al. 2013; Furlan et al.
2016). The sample observed with ALMA is comprised of 94
Class 0 protostars, 128 Class I protostars, and 103 more-
evolved Flat Spectrum sources. These are a subset of the total
sample of the 409 HOPS protostar candidates, since we
required that they had reliable measurements of bolometric
temperature (7T,o;) and bolometric luminosity (Lyo), 70 pum
detections, and not be flagged as extragalactic contaminants.
This sample also included a few protostars that were not
included in the HOPS sample but reside within the Orion
molecular clouds (HH270VLA1, HH270mms1, HH270mms2,
HH212mms, and HH111mms). We also included 3 protostellar
candidates from Stutz et al. (2013) that are presumed to be
Class 0 protostars (021010, 006006, and 038002), but were
also not detected at 0.87 mm. Within the sample, Ly ranges
from 0.1 Ls to ~1400 Lg. There is also a known distance
gradient across the Orion A and B molecular clouds (Kounkel
et al. 2017, 2018). The distance toward each system was
estimated in Paper I using Gaia data toward known young
stellar objects in Orion. The distance variation is within ~10%
of the nominal 400 pc distance toward the region. The input
catalog for Orion is provided in Table 1 listing the positions of
all components, Lyo, Tpor, classes, distance, and the surface
density of surrounding young stellar objects (YSOs; see
Appendix A).

2! hitps: //dataverse.harvard.edu/dataverse/ VANDAMOrion
2 https:/ /dataverse.harvard.edu/dataverse/ VANDAM

Each HOPS protostar that was individually identified and
classified by Spitzer and Herschel was observed in an
individual pointing with ALMA, and each Class O protostar
had an individual pointing with the VLA. The Class I
protostars that were detected by the VLA were those that
happened to fall within the VLA primary beam at 9.1 mm.

Not considering multiplicity, we detect continuum emission
(ALMA and/or VLA) toward 86 Class 0 protostars, 111 Class
I protostars, and 92 Flat Spectrum protostars, constituting 289
systems in total. Note that these numbers are slightly different
from those in Paper I, reflecting a more refined accounting of
detections and non-detections associated with targeted systems.
An additional 18 continuum sources are detected but not
associated with a Spitzer or Herschel classified protostar. The
lack of a counterpart in the near- to far-infrared may occur due
to confusion with nebulosity, crowded sources, and/or
saturation of the Spitzer detectors. The total number of unique
continuum sources detected by the VLA and ALMA that are
not associated with a known extragalactic source is 432. Of
these, 395 are associated with a HOPS protostar, 142 are
associated with Class O protostars, 132 with Class I, and 121
with Flat Spectrum.

2.3. The Perseus Sample

The sample of protostars in the Perseus molecular cloud was
selected from Enoch et al. (2009), but we also included
additional protostars that were identified from the millimeter
continuum (e.g., Looney et al. 2000) and Herschel observations
of the region (Sadavoy et al. 2014). The protostars in the
sample range in luminosity from ~0.1 to ~120 Lg; the
luminosity of the highest luminosity protostar, SVS13A (Per-
emb-44), has some considerable uncertainty, however. Further
details of the sample selection are provided in Tobin et al.
(2016a). Not considering multiplicity, we detect continuum
emission toward 80 systems in total: 41 Class O protostars, 29
Class I and Flat Spectrum protostars, and 10 Class II systems.
We also detect continuum emission toward two additional
unclassified systems that may be YSOs. The input catalog for
Perseus is provided in Table 2 listing the positions of all
components, Lyo, Tpo, classes, and the surface density of
surrounding YSOs (see Appendix A). The total number of
unique continuum sources detected by the VLA that are
thought to be associated with YSOs is 106, but only 104 are
associated with classified protostars. Of these 104 sources,
55 are associated with Class 0 protostars, 37 with Class I or Flat
Spectrum protostars, and 12 are associated with Class IT YSOs.


https://dataverse.harvard.edu/dataverse/VANDAMOrion
https://dataverse.harvard.edu/dataverse/VANDAM

THE ASTROPHYSICAL JOURNAL, 925:39 (47pp), 2022 January 20 Tobin et al.
Table 2
Perseus Catalog

Source Main Source R.A. Decl. Lyor Tool Class Yvso

(12000) (12000) (L o) (K) (pc?)
Per-emb-53 Per-emb-53 03:47:41.591 +32:51:43.67 8.00 287.00 I 0.6
Per-emb-56 Per-emb-56 03:47:05.450 +32:43:08.24 0.92 312.00 I 14
IRAS 03363+3207 IRAS 0336343207 03:39:25.546 +32:17:07.08 —99.00 —99.00 Unclassified 0.6
EDJ2009-385 EDJ2009-385 03:44:18.168 +32:04:56.90 0.65 1200.00 I 93.7
Per-emb-16 Per-emb-16 03:43:50.978 +32:03:24.10 0.68 39.00 0 162.5

Note. Table 2 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

2.4. Data Analysis

To characterize the protostellar multiplicity in Orion and
Perseus, we first constructed a catalog of positions that were
derived from Gaussian fits to the detected sources. We fit
elliptical Gaussians using the imfir task of CASA 4.7.2,
measuring position, flux density, and source size. We use a
merged catalog from the ALMA and VLA observations to
ensure that we include sources from both sets of observations
in the event that a source was detected with the VLA and not
with ALMA (and vice versa). For the protostars in Perseus, we
make use of the previously generated catalog from Tobin et al.
(2016a), which used similar methods to derive protostar
positions with an earlier version of CASA.

Catalogs of protostars have been compiled for Orion and
Perseus from previous near-, mid-, and far-infrared imaging
surveys using Spitzer and Herschel. These surveys had best
angular resolutions of ~1” for Spitzer and ~5” for Herschel.
Thus, our much higher-resolution observations from ALMA
and the VLA can often resolve what appeared to be single
systems at lower resolution into multiple components that are
assigned to the same protostellar system and inherit the
luminosity and classification of the source from the infrared
catalog. Thus, independent classifications for systems are
generally only possible for systems with separations 22000 au
where they could be resolved in the mid- and far-infrared.
Moreover, for protostar systems, it is difficult to denote a
particular component as the primary member. Generally, the
protostar masses of each component are unknown, and the
main observable, dust emission, does not strictly relate to
luminosity or protostar mass. Furthermore, Ly is demonstrated
to not directly relate to protostar mass. This is because most
luminosity is likely produced from accretion processes and not
from the protostar itself (Dunham et al. 2014, pp. 195-218;
Fischer et al. 2017). We also do not know whether a collection
of continuum sources constitutes a bound system or not. Thus,
regardless of the inherent limitations, we use spatial association
alone to assign multiplicity. With only the knowledge of the
projected spatial association, there is the possibility of detected
sources being counted as companions when they are only line-
of-sight projections. We will describe, in a following section,
how we select and count multiple systems, as well as account
for possible contamination.

We also emphasize that we analyze the instantaneous
projected separations of sources detected in our data, and we
cannot infer the true orbital semimajor axes because we do not
know the orbital plane or orbital phase for any companions
observed. With knowledge of the underlying eccentricity
distribution, corrections can be made to an ensemble
distribution of projected separations (e.g., Kuiper 1935;

Brandeker et al. 2006) to more closely reflect the distribution
of semimajor axes. But given that we are examining forming
systems with an unknown eccentricity distribution, we limit our
analysis to the projected separations as observed.

We limit our identification of multiple systems to separations
as large as 10* au, beyond which the likelihood of associating a
random YSO projected along the line of sight becomes large
(see the Appendix). Also, the radius of the field of view for our
observations is limited to ~16,000au for the VLA and
~4000 au for ALMA toward Orion protostars, whereas the
field of view for Perseus is ~12,000 au for the VLA only.
Thus, our sample is going to be incomplete beyond separations
of ~10*au. The 4000au primary beam of the ALMA
observations will not severely affect our detection limits. This
is because systems with >4000 au separation are resolved by
the Spitzer Space Telescope at 24 ym and the Herschel Space
Observatory at 70 um. They are then independently classified
on the basis of their spectral energy distribution (SEDs) and
therefore would be assigned a single ALMA pointing if they
are Class 0, I, or Flat Spectrum. An additional motivation for
our choice of 10* au (~0.05 pc) as the maximum separation is
because this is the typical radius of dense cores in which
protostars reside (Benson & Myers 1989; Bergin &
Tafalla 2007; Lane et al. 2016; Kirk et al. 2017).

2.4.1. Associating Multiple Systems

To assemble the multiplicity statistics toward the Orion
protostars, we utilize an iterative inside-out search approach.
We search the ALMA+VLA catalog for the nearest neighbor
to each continuum source associated with a protostar targeted
in the survey. Starting with 15 au as the smallest search radius,
which is less than the most compact multiple in the sample
such that we should not find companions, we search for
companions with an increasing separation in 100 logarithmi-
cally spaced radial bins, ending with a maximum separation of
10* au for an association of two continuum sources. When two
sources are associated, they are grouped as a multiple system,
and we remove their individual catalog entries and replace
them with a single entry at their average position, corresp-
onding to the geometric midpoint between the components
without any weighting. These multiple systems can then be
further associated with other individual protostars or multiple
systems, and the removal of the individual sources from the
catalog prevents the association of one component to more than
one multiple system. We do not limit the number of possible
associations (there is no upper limit on the order of multiple
systems), other than the maximum separation of 10 au.

A simple example of our method is illustrated in Figure 1,
starting with a group of four protostars: A, B, C, and D. The
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Figure 1. Graphical demonstration of the construction of multiple systems from our method. The size of the dot is proportional to the luminosity of a component, but
this quantity is not used. Our modified nearest neighbor method iteratively searches for companions at progressively larger radii. Once a pair is created, the position is
updated to be the average position, and additional companions are searched for relative to the average position of the pair. The pairing AB is found first since they have
the closest separation, then CD is found later, and finally, the average positions for AB and CD are found to be associated, forming a quadruple system ABCD. Thus,
component D is part of the system, despite having a distance greater than 10* au from A, because the average position of CD is within 10* au of AB. A more
conventional approach would assign A to be the primary, creating pairings (A, B and A, C); (A, D) would be ignored because the separation is greater than 10* au. The
S:B:T:Q at the bottom of each panel refers to how we could count the individual continuum sources in our multiplicity statistics (single, binary, triple, and quadruple)
that comprise this system depending on which separation range the statistics are being considered.

algorithm starts by searching for companions to A with
separations <dj, (wWhere dj,, is a number >da g and <da c)
and finding the nearest to be B with a separation of da g. The
catalog entries for A and B are both removed, and an entry for
AB is inserted with the average position of A and B (AB,,).
Then the search for companions continues looping over all
sources with separations <dj;p,.

The algorithm incrementally increases dy;;,, after each loop in
order to search for progressively wider companions. Next, C
will be identified as a companion to D with separation dcp
once dj, >dcp. Then, as before, C and D are removed from
the search catalog, and an entry for CD is inserted with the
average position of C and D (CD,,,). Then, as dj;, is further
increased, AB is found to be associated with CD with a
separation dap cp. The catalog positions for AB and CD are
then removed, and the average position for ABCD is inserted
(ABCDy,y,). Thus, A, B, C, and D are together considered a
single multiple system, despite D being greater than 10*au
from A or B. The separations that are then included in our
distribution of separations plots (histograms or cumulative
distributions) are dap, dcp, and dapcp. This hierarchical
approach is similar to the one adopted in the analysis of results
from numerical simulations (Bate 2012; Lee et al. 2019). While
numerical simulations utilize known quantities like the center
of mass and total binding energy, these are inaccessible in our
observations. In particular, the lack of direct correlation

between the mm/cm flux and protostellar mass precludes the
use of the center of light as a center of mass proxy.

Our results would be different if we applied a simpler
approach by assigning A as the primary based on its luminosity
or flux density of dust emission, as had been done in Tobin
et al. (2016a). We would then associate sources based on
relative distance to A, and we would have pairings of AB and
AC, making this a triple system. The separation distributions
would only have da g, dac. D would not be included in this
multiple system, because it is greater than 10* au from A, even
though its distance from C is less than da g and dp c.

While neither of these methods distinguishes bound pairs
from chance alignments, our approach is less prone to bias and
individual judgment when assigning the multiplicity status of
particular systems. Moreover, it has greater reproducibility,
independent of millimeter flux density, and can easily be
checked against simulation data as well. We apply this method
to both the Orion catalog and the Perseus catalog, yielding a
consistently derived distribution of separations for both
data sets.

In light of the inherent limitations in only being able to
characterize the multiplicity of protostars using their projected
separations, we make efforts to assess the probability of the
associated systems to be true multiples using measurements of
the surface density of surrounding YSOs that could yield false
positives. We describe our analysis methods using probabilities
for companion association in Appendix A.
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2.4.2. Multiplicity Statistics

We calculate the multiplicity fraction and companion
fractions for Orion, Perseus, and their combination as metrics
of multiple star formation in these regions. The multiplicity
fraction or frequency (MF) is the fraction of systems that are
multiples (binary, triple, etc.) and is defined as

MF_ _BtT+0O+..

= . (1)
S+B+T+0+..

The number of single systems is S, binaries is B, triples is 7,
quadruples is Q, etc. Then the companion fraction (CF), which
provides the average number of companions per system, is
defined similarly as

cp_ BT2T+30+ ..
S+B+T+0Q+..

@)

The uncertainties on the MF and CF are calculated using
binomial statistics, specifically using the Wilson score interval
(Wilson 1927)

1 }2
S —
L Sys
_ 2
4 z . MF(1.0 — MF) 22 ’ 3)
1 —|— A;sys NSYS 41vsys

where Ny is the total number of systems (S + B+ 7T+ Q + ...);
see Equations (1) and (2). And we adopt z = 1.0 such that the
calculated uncertainties are lo. The uncertainty in the CF is
calculated in the same manner, by substituting CF for the MF
in Equation (3). Note that if the CF >1.0 the number under the
square root can be negative, and even when the CF approaches
1, the uncertainties can be inaccurate. Thus, instead use Poisson
statistics for calculating ocg when CF >0.5.

We make use of companion probabilities (to correct for
contamination by unassociated YSOs), which are computed as
described in Appendix A to determine the order of a multiple
system (binary, triple, etc.). For the example used in Figure 1,
the system will have a probability associated with each member
of the system

[PA’ PB9 PC’ PD] = [10’ PA,B’ 1.0
X Pag,cp, Pcp X Pag,cpl- (C))

Since A,B and C,D are initially associated as binaries, one
component in both A,B and C,D is assigned a probability of
1.0, this is the primary (designated arbitrarily), and the other
component has a probability of P, g and Pc p (see Appendix A
for computation of individual probabilities). Then, when the
two binaries are associated with each other, one binary system
is assigned a probability of 1.0 (designated the primary), and
the other binary has a probability of Papcp. Thus, when
considering the system as a whole, the component D will end
up having the lowest probability because its overall probability
is Pcp X Pap.cp. This process is continued whether singles are
added to binaries, binaries to triples, quadruples to binaries, etc.

Then, in the final tabulation of multiplicity statistics, which
is whether a system is considered a binary, triple, etc., the
multiplicity order is determined by the rounded sum of the

Tobin et al.

companion probabilities for all possible companions that
comprise the system, i.e.,

N
Ncomponenls = Z[PA’ Ps, Fc, Ppl. )

2

If the sum of the companion probabilities is less than the total
number of companions included for a system, we check to see
if the majority of the difference comes from the addition of
another multiple system to form a larger higher-order system
where many components have a low probability. If so, we split
the two previously associated systems for the purposes of
multiplicity statistics and consider them as two (or more)
lower-order systems, rather than a single higher-order system.
If only a single component of a higher-order system has low
probability, then we split off that single component and count it
as single. The MF and CFs for the samples as a whole are then
constructed using Equations (1) and (2) .

There are alternative methods to calculate the MF and CF
including the probabilities, and we describe one such method in
Appendix A.4 that we used as a sanity check. We prefer to use
our method of rounding per system because it produces results
that are more directly comparable to previous work, and the
calculated MF and CFs are consistent between our main
method described here and the alternative methods that are
described in Appendix A.

2.4.3. Comparing Multiplicity Properties

The main quantities for comparing the multiplicity properties
of different regions, classes, and samples are the calculated
MFs, CFs, and separation distributions. The comparison of
separation distributions examines the relative shapes of the
distributions. The MFs and CFs, on the other hand, examine the
total number of multiples in a a given population. However,
some spatial dependence of the MFs and CFs can be examined
by selecting on different ranges of separations. It is important to
point this out because the comparison of separation distribu-
tions is conducted via cumulative distribution functions (CDFs;
Appendix A.2), and it is wholly independent of the MF and CF
for a given population. Thus, one can have a MF and CF that is
consistent between samples, while the separation-distribution
CDFs are inconsistent, and the converse can also be true as
well. The independence of these quantities is important to keep
in mind for Sections 4 and 5 where we make many
comparisons of different samples and subsamples.

3. Observations of Multiple Protostars in Orion

We provide an overview of the observations that detect the
multiple protostar systems and a discussion of some specific
protostars in the following subsections. We also highlight
regions where the VLA and ALMA yield different results and
compare the ALMA/VLA multiplicity detections to near-
infrared detections.

3.1. Overview of Multiplicity Detections

The ALMA and VLA observations have enabled us to
identify multiple protostar systems to separations as small as
~22 au toward protostars in Orion at a distance of ~400 pc
(Kounkel et al. 2017), but only two systems are detected
at separations <40au. For the Perseus observations from
Tobin et al. (2016a), the revised distance of ~300pc
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Table 3
Orion Protostar Pairings
0.87 mm Flux
Source Pair Separation Separation Ratio 9 mm Flux Ratio  Prob. Classes
) (au) (Log 73) (Log 73)
H361-E-A+H361-E-B 0.055 £ 0.015 21.8+6.1 —0.49 £ 0.15 1.00 C0+CO0
H361-C-A+H361-C-B 0.087 £ 0.002 376 £ 1.0 —0.77 £ 0.01 1.00 C0+CO
H85-B+HS85-A 0.102 £ 0.001 40.2+£0.6 —0.15£0.02 —0.92 £ 0.05 1.00 FS+FS
H20-A+H20-B 0.110 £ 0.002 429+1.0 —0.98 £+ 0.44 —0.50 £ 0.14 1.00 CI+CI
H77-A-B+H77-A-A 0.114 £ 0.004 446+ 14 —0.08 £ 0.03 1.00 FS+FS
H158-B+HI158-A 0.119 £ 0.007 46.0 £ 2.5 —0.02 £ 0.07 1.00 FS+FS
H384-A+H384-A-B 0.120 £ 0.003 490+ 1.2 —0.83 £ 0.03 1.00 C0+CO
H203-B+H203-A 0.130 £ 0.003 49.7 +£ 1.1 —0.89 £+ 0.02 —0.86 + 0.02 1.00 C0+-CO
H366-A+H366-B 0.142 £ 0.002 61.1 1.0 —0.36 £ 0.02 —0.65 £+ 0.04 1.00 CI+CI
H288-A-B+H288-A-A 0.151 £ 0.005 61.3+19 —0.40 £+ 0.02 1.00 C0+CO
H395-B+H395-A 0.165 £ 0.007 654 +£206 —0.39 £+ 0.06 —0.05 £+ 0.06 1.00 C0+CO
H364-A+H364-B 0.153 £+ 0.003 655+ 1.1 —0.77 £ 0.04 1.00 CI+CI
H282-B+H282-A 0.169 £ 0.009 70.1 £3.7 —0.75 £ 0.10 1.00 CI+-CI
H168-A+H168-B 0.192 £ 0.005 737+ 1.8 —0.52 +0.03 —0.19 +0.02 1.00 C0+CO
H255-A+H255-B 0.185 £ 0.002 79.0 £0.7 —-1.38£0.13 1.00 FS+FS
H363-B+H363-A 0.185 £ 0.010 79.5+42 —1.14 £+ 0.06 1.00 FS+FS
H12-B-A+HI12-B-B 0.208 £ 0.001 80.6 +0.5 —0.15 £ 0.01 —0.02 £+ 0.02 1.00 C0+CO0
H248-A+H248-B 0.187 £ 0.012 80.7 +5.1 —1.35 4+ 0.08 1.00 FS+FS
OMCIN-6-7-8-A-B4+OMCIN-6-7-8-A-A 0.214 £+ 0.004 840+ 1.5 —1.06 £+ 0.04 0.99 N-+N
H56-A-A+H56-A-B 0.216 £ 0.007 84.9+29 —0.72 £ 0.05 —0.23 £ 0.10 1.00 C0+CO
(H56-A-A+H56-A-B)+H56-A-C 0.219 £ 0.006 86.2+23 1.00 (CO+C0)+CO0
H274-B+H274-A 0.211 £0.015 88.3+6.2 —0.12 £ 0.10 1.00 FS+FS
HH270VLA1-B+HH270VLA1-A 0.231 + 0.003 994 +1.2 —0.03 £ 0.02 —0.44 £+ 0.05 1.00 C0+CO
H75-B+H75-A 0.254 £ 0.008 99.8 +£3.0 —0.92 £+ 0.06 —0.86 + 0.44 1.00 C0+CO
H193-B+HI193-A 0.258 £ 0.003 100.0 £ 1.0 —0.01 £0.04 1.00 CI+CI
H173-B+H173-A 0.268 + 0.011 103.0 £ 4.3 —0.22 £ 0.10 —0.01 +£0.14 1.00 C0+CO
2M05414580-0154297-B+2M05414580- 0.265 £ 0.001 1059 £0.2 —1.43 £ 0.01 0.99 N+N
0154297-A
H92-A-B+H92-A-A 0.276 £ 0.014 1084 +5.3 —1.47 £0.10 —0.62 £ 0.05 1.00 FS+FS
H213-A+H213-B 0.263 £ 0.018 1144 + 8.0 —0.18 £ 0.15 1.00 FS+FS
H357-A+H357-B 0.280 + 0.003 1144 + 1.1 —0.61 £+ 0.03 1.00 FS+FS
H45-B-+H45-A 0.308 £+ 0.001 120.7 £ 0.6 —0.24 +0.02 1.00 FS+FS
H242-B+H242-A 0.286 £ 0.006 122.8 £25 —0.42 £ 0.05 1.00 FS+FS
H70-A-A+H70-A-B 0.319 £ 0.007 125.1 £2.8 —1.03 £0.07 —0.88 £ 0.09 1.00 FS+FS
H138-B+HI138-A 0.322 £ 0.012 125.6 £ 4.6 —0.70 £ 0.10 1.00 C0+-CO
H28-B+H28-A 0.328 £ 0.010 128.1 3.8 —0.59 £+ 0.09 —0.09 £ 0.45 1.00 C0+CO
H312-B4+H312-A 0.324 £+ 0.004 1347 £ 1.6 —0.41 £ 0.03 —0.21 £+ 0.06 1.00 C0+CO
H32-B+H32-A 0.415 £ 0.006 1622 £2.3 —0.20 £ 0.03 —0.06 £0.12 1.00 C0+CO
H70-B-A+H70-B-B 0.423 + 0.003 166.3 + 1.0 —1.01 £0.43 —0.25 £ 0.06 1.00 FS+FS
H400-B+H400-A 0.443 £ 0.007 184.0 £ 3.0 —0.69 £ 0.02 —0.49 £ 0.01 1.00 C0+CO0
H288-B+(H288-A-B+H288-A-A) 0.547 £ 0.007 2219+29 1.00 C0+(C0+-CO0)
2MJ05474500+0038418-B+2MJ05474500 0.583 + 0.004 2330+ 1.5 —0.90 £+ 0.04 1.00 N+N
+0038418-A
H304-B+H304-A 0.666 + 0.002 272.7+0.8 —0.27 £0.02 0.99 FS+FS
H323-B4+H323-A 0.639 £ 0.003 2736 £ 1.1 —0.26 £+ 0.01 —0.37 £ 0.09 1.00 CI+CI
H84-B-+HS84-A 0.701 £ 0.007 2755+29 —1.24 4+ 0.06 —0.90 £+ 0.05 1.00 CI+CI
H163-A+H163-B 0.777 £ 0.015 299.8 £5.9 —1.66 £+ 0.07 1.00 CI+CI
H281-B+H281-A 0.749 £ 0.021 311.6 + 8.7 —1.71 £0.16 1.00 FS+FS
H290-A+H290-B 0.820 £ 0.007 332.7+3.0 —0.40 £+ 0.02 —0.59 £ 0.10 1.00 C0+CO
H261-B+H261-A 0.778 £ 0.012 3345+ 5.0 —0.08 £0.12 1.00 CI+CI
H183-A+H183-B 0.869 £ 0.013 3347 £5.1 —0.45 £ 045 —0.85 £ 0.44 0.99 FS+FS
H182-B+H182-A 0.991 £ 0.002 381.5+0.7 —0.82 £ 0.02 —0.23 £ 0.02 0.97 C0+CO
H71-A+H71-B 1.009 £ 0.033 396.4 + 13.1 —1.38 £ 0.13 —1.554+043 0.98 CI+CI
H57-B-+HS57-A 1.169 £ 0.005 459.0 £ 1.9 —1.08 £ 0.05 —1.30 £ 0.43 0.97 FS+FS
H92-B+(H92-A-B+H92-A-A) 1.270 £ 0.014 498.8 £5.5 0.98 FS+(FS+FS)
H78-C+H78-B 1.415 £ 0.015 556.0 £5.7 —0.04 £ 0.10 —0.32 £0.10 0.98 C0+CO0
H361-G-B+H361-G-A 1.341 £ 0.005 5772 +£22 —0.22 +0.03 —0.21 £ 0.04 0.99 C0+CO
NGC2024-FIR3-A+NGC2024-FIR3-B 1.464 + 0.007 599.6 £ 2.9 —0.77 £ 0.11 0.88 C0+CO0
H170-A+H170-B 1.639 £ 0.003 629.7 £ 1.1 —0.16 4+ 0.02 1.00 FS+FS
(H77-A-B4+H77-A-A)+H77-B 1.653 £ 0.011 649.2 +4.3 0.99 (FS+FS)+FS
J054227.77-012902.2+H310 1.579 £ 0.003 6542+ 1.2 —0.81 £ 0.02 1.00 N+CO
H387-B+H387-A 1.729 £ 0.002 738.7 £ 0.7 —0.57 £ 0.01 —0.22 £ 0.05 0.99 CI+-CI
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Table 3
(Continued)
0.87 mm Flux
Source Pair Separation Separation Ratio 9 mm Flux Ratio  Prob. Classes
@) (au) (Log 15) (Log 1)
2M05414550-0154286+H384-region-D 1.858 £ 0.010 743.0 £ 4.1 —1.09 £ 0.11 0.83 N+CO
H140-B+H140-C 2.241 £0.011 8745+t 4.1 —1.44 £ 0.08 0.95 CI+CI
H66-A+H66-B 2.231 £ 0.003 8763 £ 1.1 —0.10 £ 0.01 —0.57 £ 0.08 0.92 FS+FS
HH270mms1-A+HH270mms1-B 2.219 £ 0.014 900.4 + 5.8 —1.43 +£0.12 —1.56 £ 0.43 1.00 CI+CI
H59-A+H59-B 2.401 £ 0.008 943.0 + 3.1 —1.63 +£0.12 —1.26 £ 0.05 0.92 FS+FS
H298-B+H298-A 2.368 £ 0.003 967.1 £ 1.3 —0.51 +0.02 0.99 CI+CI
H203-C+(H203-B+H203-A) 2.830 £ 0.002 1085.5 £ 0.8 1.00 CO-++(C0+-CO0)
H149-A+H149-B 2.795 £ 0.003 1089.9 + 1.3 —0.60 £+ 0.02 0.99 FS+FS
(H361-E-A+H361-E-B)+H361-A 2.850 + 0.011 11399 +£ 4.5 0.99 (C0+C0)+CO
H386-A+H386-B 2.675 £ 0.015 11427+ 6.5 —0.41 +£0.04 —1.19 £ 043 0.99 CI+CI
H78-E+H78-A 3.073 £0.001 12292 +£ 04 —1.25 +£0.07 0.98 C0+CO
HH111MMS-A-+HH111MMS-B 3.027 £+ 0.008 1243.1+3.5 —1.44 4+ 0.08 —1.10 £ 0.04 1.00 CI+CI
H150-B+HI150-A 3.211 £ 0.005 12475 £2.0 —0.65 £+ 0.06 1.00 FS+FS
OMC2-FIR4-ALMA1+VLA16 3.268 £ 0.008 1283.8 £3.2 —0.08 £+ 0.08 —0.17 £ 0.16 0.84 N+CO
H361-B+(H361-C-A+H361-C-B) 3.077 £ 0.003 13244 £ 1.1 0.98 C0-+(C0+-CO0)
(H384-A+H384-A-B)+H384-B 3.405 £ 0.014 13945 £ 5.7 0.91 (C0+C0)+CO
H181-A+H181-B 3.783 £ 0.006 1456.8 £ 2.4 —0.36 £+ 0.06 —1.124+043 0.93 CI+-CI
H78-D+(H78-C+H78-B) 3.854 £ 0.018 1513.8 £ 6.9 0.97 CO-+(C0+C0)
H373-B+H373-A 3.639 £ 0.002 1557.8 £0.7 —0.05 £+ 0.01 —0.57 £ 0.09 0.99 C0+CO
[H78-D+(H78-C+H78-B)] +(H78-E+H78-A) 4.639 +£0.015 18224+ 59 0.95 [CO+(CO+CO0)]
+(C0+-CO0)

(H12-B-A+H12-B-B)+HI2-A 4.770 &+ 0.001 18535+ 0.4 0.98 (C0+C0)+C0
H361-1+H361-J 4.353 £+ 0.005 1873.7 £ 2.0 —0.09 £+ 0.04 0.97 C0+CO
H361-F+[(H361-E-A+H361-E-B)+H361-A] 4.489 +£0.016 19319 +£ 6.9 0.97 CO-+[(CO+C0)+CO0]
(2M05414580-0154297-B+2M05414580-

0154297-A)-
(2M05414550-0154286-+H384-region-D) 4.988 £+ 0.004 1995.1 £ 1.6 0.71 (N+N)+(N+C0)
(H70-A-A+H70-A-B)+(H70-B-A+H70-B-B) 5.087 £ 0.001 19982 £0.2 0.89 (FS+FS)+(FS+FS)
2M05414611-0154147+H384-region-H 5.060 £ 0.001 2024.0 £ 0.3 —0.51 £ 0.01 0.70 N+CO
V23580ri+(H56-B+[(H56-A-A+HS56-A-B) 5.271 £ 0.008 2070.5 £ 3.0 0.88 N+(CO+[(CO+CO0)

+H56-A-C] ) +C0])
H182-C+(H182-B+H182-A) 5.431 £0.010 2091.6 £ 3.7 0.86 C0-++(C0+-CO0)
H56-B+[(H56-A-A+H56-A-B)+H56-A-C] 5.410 £ 0.008 2125.1+3.2 0.87 CO-+[(CO+C0)+CO0]
(H361-F+[(H361-E-A+H361-E-B)+H361-A] 5.623 £ 0.009 2249.0 £3.6 096  (CO+[(CO+C0)+CO0] )

)+[H361-B+(H361-C-A+H361-C-B)] +[C0+(C0+C0)]
(OMC2-FIR4-ALMA1+VLA16)+VLAI1S 6.034 £ 0.009 2370.0 £3.5 0.63 (N+C0)+CO0
H108+H64 6.125 £+ 0.001 2405.8 £ 0.5 —0.27 £ 0.01 —0.41 £+ 0.09 0.73 C0+CI
H128-B+HI128-A 6.406 £ 0.003 25214 +£13 —0.10 £ 0.03 1.00 FS+FS
H317-B+H317-A 6.126 £ 0.004 2616.6 + 1.7 —1.31+£0.02 —1.10 £ 0.10 0.98 C0+CO
H341-+H340 6.162 £ 0.003 2655.0 £ 1.1 —0.31 £0.02 —0.46 £+ 0.06 0.98 C0+CO0
H263+H262 6.244 £ 0.004 26849 + 1.6 —0.39 £ 0.02 0.93 CI+FS
(H173-B+H173-A)+H174 7.047 £ 0.007 2712.5+£2.38 0.94 (CO+CO)+FS
H389-A-+H389-B 6.683 £ 0.005 28629 +£2.2 —0.62 + 0.03 —0.60 £ 0.44 0.97 C0+CO
H377+H144 7.633 £ 0.003 29783 £ 1.2 —0.03 £ 0.02 0.79 C0+CI
OMCIN-6-7-8-C+-OMCIN-6-7-8-B 7.832 £ 0.002 3076.6 £ 1.0 —0.02 £ 0.02 0.42 N+N
H86-B+HS86-A 7.960 £ 0.010 3126.0 £4.0 —0.36 £+ 0.06 0.00 £ 0.61 0.91 CI+CI
H125+H124 8.078 £ 0.008 3215.0 £3.0 —1.96 £+ 0.06 —0.77 £ 0.03 0.97 FS+CO0
H338-A+H338-B 7.581 £ 0.005 3265.1 £2.3 —0.69 £+ 0.03 —0.88 £ 0.45 0.95 C0+CO
[(H70-A-A+H70-A-B)+(H70-B-A+H70-B- 8.451 £ 0.007 3319.5+£28 0.76 [(FS+FS)+(FS

B)] +H70-C +FS)] +FS
OMCIN-4-5-C+-OMCIN-4-5-B 8.714 £ 0.004 3423.0£ 1.5 —0.83 £ 0.03 0.45 N+N
2M05414325-01543434+-(NGC2024-FIR3-A 8.695 + 0.006 34779 £2.5 0.53 N-+(C0+CO0)

+NGC2024-FIR3-B)
H361-D-
[(H361-F+[(H361-E-A+H361-E-B)+H361-A] 8.380 £ 0.012 3606.6 £5.2 0.90 CO+[(CO+[(CO+CO)

)+[H361-B+(H361-C-A+H361-C-B)]] +C0] )+[CO

+(CO+CO)1]

(H386-A-+H386-B)+H386-C 8.988 £ 0.003 3839.7 £ 1.1 0.94 (CI+CD+CI
2MJ05352746-05094414+-H370 10.014 £0.010  4005.5 £4.1 —1.77 £ 0.09 —1.29 £ 0.05 0.64 N+CI
H140-A+(H140-B+H140-C) 10.307 £ 0.001 4022.7 £ 0.5 0.76 CI+(CI+CI)
(H71-A+H71-B)-+H394-B 10.693 £ 0.002  4200.1 + 0.7 0.67 (CI+CD)+CO0
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Table 3
(Continued)
0.87 mm Flux
Source Pair Separation Separation Ratio 9 mm Flux Ratio  Prob. Classes
@) (au) (Log 15) (Log 1)
2M05414483-0154357+2M05414482- 10.672 £ 0.001 4268.9 £ 0.6 —0.18 £+ 0.06 0.45 N+N
0154251
H145-A+H145-B 11.214 £0.004 43758 £ 1.8 —0.51 £ 0.03 0.70 CI+CI
H384-C+[(H384-A+H384-A-B)+H384-B] 10.726 £ 0.006 43924 £ 2.5 0.57 CO-+[(CO+C0)+CO0]
H369+[(OMC2-FIR4-ALMA1+VLA16) 11.368 £ 0.007  4465.5 £2.7 0.48 FS+[(N+C0)+CO0]
+VLAI15]
[(H71-A+H71-B)+H394-B] +H72 11.720 £ 0.003  4603.5 £ 1.1 0.64 [(CI+CD+CO0] +FS
H165+[H203-C+(H203-B+H203-A)] 12.056 + 0.004  4623.6 + 1.6 0.95 CI+[CO0+(C0+C0)]
H259-B+H259-A 11.250 £0.003 47845+ 1.1 —0.36 £+ 0.03 0.99 FS+FS
OMCIN-4-5-A+OMCIN-2-3 12.343 £ 0.007 48483 +2.6 —0.96 £+ 0.05 0.48 N+N
[(H386-A+H386-B)+H386-C] +(H387-B 11.503 £ 0.001 4914.0 £ 0.6 091 [(CI4+CD+CI]
+H387-A) +(CI+-CI)
(2M05414483-0154357+2M05414482-0154251)
[(2M05414580-0154297-B-2M05414580-0154297-A)
(2M05414550-0154286-H384-region-D)) 12.418 £0.002  4967.2 £ 0.7 0.41 (N+N)+[(N+N)
+(N+C0)]
OMCIN-1-C+OMCIN-1-B 12.707 £ 0.009  4991.1 £3.7 —0.10 £ 0.07 0.45 N+N
H384-region-G+[2M05414325-0154343 12.450 £0.023  5098.4 £9.6 0.42 CO+[N-+(C0+C0)]
+(NGC2024-FIR3-A+NGC2024-FIR3-B)]
H76+[[H78-D-+(H78-C+H78-B)] +(H78-E 13.049 £ 0.013  5125.6 £5.1 0.71 CI+[[CO-+(CO+CO0)]
+H78-A)] +(C0+C0)]
(H361-G-B+H361-G-A)+H361-H 11.945 £ 0.006  5141.1+2.5 0.75 (C0+C0)+C0
(H369+[(OMC2-FIR4-ALMA1+VLA16) 13.106 £ 0.007  5148.1 £2.6 0.44 (FS+[(N+C0)+CO0] )
+VLAI15] )+(H108+H64) +(C0+-CI)
(H181-A+HI181-B)+[H182-C+(H182-B 13.427 £0.005 51709 £ 1.7 0.55 (CI+CI)+[CO
+HI182-A)] +(C0+C0)]
OMCIN-6-7-8-H+OMCIN-6-7-8-G 13.251 £0.003  5205.1 £1.2 —0.32 £ 0.02 0.38 N+N
H117+HI118 13.492 £ 0.010 54453 +42 —1.08 £ 0.07 091 FS+FS
H322+(H389-A+H389-B) 12.985 £0.003 55613+ 1.2 0.89 CI4-(C0+C0)
(H86-B+H86-A)+HS87 14.257 £0.005 55987+ 1.9 0.74 (CI+CD)+CO0
H358-B+H358-A 13.326 £ 0.001 5687.4 £ 04 —0.27 £ 0.00 —0.22 £ 0.03 0.95 C0+CO
H384-region-E+2M05414512-0154470 14.125 £ 0.039 57842+ 15.9 - —0.46 = 0.10 0.52 CO0+N
(H361-D+[(H361-F+[(H361-E-A4+H361-E-B) (CO+[(CO+[(CO+CO)
+H361-A]+ +CO0] )+
[H361-B+(H361-C-A+H361-C-B)]] ) 14.570 £ 0.012 58279 +£4.8 0.78 [CO+(CO+CO)IT )
+[(H361-G-B+H361-G-A)+H361-H]] +[(C0+C0)+C0]
OMCIN-6-7-8-D+OMCIN-6-7-8-E 15.249 £0.002  5989.6 £ 0.6 —0.24 £ 0.03 0.36 N+N
[H92-B+(H92-A-B+H92-A-A)] +J05351805-  15.850 £ 0.013  6224.1 +4.9 0.62 [FS+(FS+FS)] +N
050017.98
(H323-B+H323-A)+[H322+(H389-A 14.552 £0.002 62342+ 1.1 0.88 (CI+CD+([CI
+H389-B)] +(C0+C0)]
(OMCIN-6-7-8-H+OMCIN-6-7-8-G) 16.183 £ 0.004  6356.8 £ 1.5 0.37 (N+N)+N
+OMCIN-6-7-8-F
H240+H241 15.404 £ 0.007  6651.3 £3.2 —0.80 £+ 0.05 0.94 CI+CI
H93+-H9%4 17.606 £ 0.004  6913.7 £ 1.4 —1.67 £ 0.43 —0.71 £ 0.08 0.78 CI+-CI
H409+(H59-A+H59-B) 18.533 £0.003  7279.8 £ 1.0 0.47 CO+(FS+FS)
(H377+H144)+H143 19.060 £ 0.004  7437.1 £ 1.5 0.44 (CO+CD+CI
(2MJ05352746-0509441+H370)+(H66-A 18.692 £+ 0.011 7476.8 £ 4.6 0.43 (N+CD+(FS+FS)
+H66-B)
[(2M05414483-0154357+2M05414482-0154251)+
[(2M05414580-0154297-B+2M05414580-0154297-A)+—
(2M05414550-0154286+H384-region-D)]] +—
(2M05414611-0154147+H384-region-H) 19.038 +£0.002 76154 £ 0.7 037  [[(N+N)+[(N+N)+(N
+C0)]] +(N+CO0)]
H89+H91 19.427 £0.007  7629.0 £2.7 —0.14 £ 0.03 —0.90 + 0.44 0.58 FS+CO0
H374+-H254 18.042 £ 0.020  7766.9 + 8.6 —2.10+0.12 —1.24 +£ 043 0.69 C0+CI
(OMCI1N-6-7-8-C+OMCIN-6-7-8-B) 20.230 £0.005 79462+ 19 0.36 (N+N)+(N+N)
+(OMCIN-6-7-8-A-B+OMCIN-6-7-8-
A-A)
([(H71-A+H71-B)+H394-B] +H72)+H394-A  20.734 £ 0.007 81442 £2.7 043 ([(CI+-CDH+CO0]
+FS)+C0
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Table 3
(Continued)
0.87 mm Flux
Source Pair Separation Separation Ratio 9 mm Flux Ratio  Prob. Classes
@) (au) (Log 15) (Log 1)
(H384-region-E+2M05414512-0154470) 20.023 +£0.038  8199.3 +15.8 0.40 (CO+N)-+(CO+[(CO
+(H384-C+[(H384-A+H384-A-B)+H384- +C0)+C0] )
B])
H219+H220 19.550 +£0.003  8623.4 £ 1.1 —0.46 £+ 0.02 0.88 CI+CI
H407+H331 21.400 £0.002  8968.7 £ 1.0 —0.44 £+ 0.02 —0.34 £ 0.07 0.92 CO+FS
(H183-A+H183-B)+[(H181-A+H181-B) 23.709 £0.005 91303 £ 1.8 0.41 (FS+FS)+[(CI+-CI)
+[H182-C+(H182-B+H182-A)]] +[CO-+(CO+CO)]]
H210+H211 21.027 £0.008  9138.2+3.3 —1.43 £ 0.07 0.72 FS+FS
J05352074-0515492+-[V23580ri+(H56-B 23452 £0.002  9212.0 £ 0.9 0.37 N-+[N+(CO+[(CO
+[(H56-A-A+H56-A-B)+H56-A-C] )] +C0)+C0] )]
HH270mms2+(HH270mms1-A 22780 £0.003 94150+ 1.3 0.98 FS+(CI+CI)
+HH270mms1-B)
H252+(H255-A+H255-B) 22.077 £0.009  9459.9 £3.9 0.56 FS+(FS+FS)
H257+4(H261-B+H261-A) 23.255 £0.014  9999.5 £6.0 0.66 FS+(CI+CI)

Note. Classes are provided in abbreviated form: CO—Class 0, CI—Class I, FS—Flat Spectrum, and CII—Class II. Components classified as “N” do not have a
classification. Flux ratios are only provided for pairings of single components. The column labeled “Prob.” corresponds to the probability of the pairing being a true,
bound pair and not a line-of-sight association, based on the YSO surface density. The overall probability of each member may be lower given the multiplicative nature
of companion probabilities when pairing two binary (or higher-order systems) together.

(This table is available in machine-readable form.)

(Ortiz-Le6n et al. 2018) toward this region places the smallest
separations at ~24 au.

We list the Orion multiple systems in Table 3, and we list the
reanalyzed Perseus multiple systems in Table 4. When multiple
systems with compact separations are paired with additional
single sources or another multiple system, the separation listed
in Tables 3 and 4 refers to the separation between the average
position of one multiple system to either the position of the
newly added source or other multiple system (see Section 2.4).
Much of the new parameter space we explore in Orion is at
separations <2000 au, because scales larger than this were
studied by Spitzer and Herschel. Nonetheless, some new wide
multiples are found at larger scales toward regions with bright
nebulosity that limited the sensitivity of IR observations.

We have discovered a total of 85 multiple systems (195
nonmultiple) in the Orion molecular clouds that have maximum
separations less than 10* au, 58 multiples with maximum
separations less than 10° au, and 47 multiples with maximum
separations less than 500 au; these numbers include the
consideration of companion probabilities. Also, the number
of multiples specified for larger maximum separations also
include those at smaller separations. These numbers reflect the
multiplicity of systems that are classified as protostars and do
not include systems that are not classified as protostars by the
HOPS project or other work. Also, some systems that were
regarded as separate HOPS sources are now considered a single
multiple system. Thus, the sum of the multiple and single
systems will not equal the number of detected systems. These
numbers also do not include widely separated sources that are
spatially resolved in infrared observations but are not classified
as Class 0, I, or Flat Spectrum. Many of the Class I and Flat
Spectrum systems also had their multiplicity characterized on
scales between 100 and 10° au by Kounkel et al. (2016). The
bulk of the new discoveries are toward Class O protostars at
separations <4000 au and for Class I and Flat Spectrum

10

protostars at separations <100 au. We will discuss the ALMA/VLA
results in the context of the Hubble Space Telescope (HST)
observations in Section 3.6.

Images of each system are not included here, because they
were presented in Paper I and Tobin et al. (2016a); instead we
focus on interpreting the multiple system detections. We only
show selected systems, some of which use different image
parameters as compared to Paper I to provide increased angular
resolution and better highlight the multiples.

3.2. Multiple Systems with <500 au Separation

The Orion A and B molecular clouds provide the largest
available sample of protostellar multiples with separations less
than 500 au. We show example images for some close multiple
systems with separations less than 500 au in Figure 2. At scales
less than 100 au, most systems represent new discoveries.

We detect 19 Class 0 multiple systems with separations less
than 500 au (17 binary, two triple); we also detect 10 Class I
binary systems, 18 Flat Spectrum binary systems, and three
additional binary systems that are not classified. Table 3 lists all
of these multiple systems. One of the unclassified systems
resides in OMCIN (Teixeira et al. 2016) and is likely a
protostar, but the other two are found toward systems with
near-infrared counterparts detected by the 2MASS survey
(Skrutskie et al. 2006) and are likely more-evolved YSOs.

3.3. Close Multiples Not Detected by Both ALMA and VLA

The vast majority of multiple systems discovered in Orion
were resolved and detected independently by ALMA and the
VLA. However, there are a few examples where close
multiplicity was detected only in the VLA observations or
only in the ALMA observations. We also discuss examples
where there is tentative evidence for a companion, but the
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Table 4
Perseus Protostar Pairings
Source Pair Separation Separation 9 mm Flux Ratio  Prob. Classes
™ (au)
P2-A-P2-B 0.080 + 0.005 241+1.5 —0.17 +£ 0.09 1.00 C0+CO0
P18-A-P18-B 0.085 + 0.004 255+ 1.2 —0.03 £ 0.11 1.00 C0+CO0
P5-A-P5-B 0.097 £ 0.003 29.1+ 1.0 —0.26 + 0.03 1.00 C0+CO0
L1448NW-A-L1448NW-B 0.251 £ 0.003 753+ 1.0 —0.17 £ 0.02 1.00 C0+CO0
P33-B-P33-C 0.265 £ 0.008 79.6 £2.3 —0.14 £ 0.04 1.00 C0+CO
P17-A-P17-B 0.278 £+ 0.008 83.4+£25 —0.75 £ 0.04 1.00 C0+CO
P44-A-P44-B 0.300 £ 0.003 90.1 £ 1.0 —0.48 +0.02 1.00 C0+CO0
P36-A-P36-B 0.311 & 0.006 933+ 1.8 —0.80 £+ 0.02 1.00 CI+CI
P49-A-P49-B 0.313 £ 0.006 939+ 1.8 —0.45 £ 0.05 1.00 CI+-CI
P48-A-P48-B 0.346 £ 0.021 103.7+6.2 —0.06 +0.13 1.00 CI+CI
P40-A-P40-B 0.391 £ 0.014 1173 £ 4.1 —0.94 £ 0.10 1.00 CI+CI
E269-A-E269-B 0.517 +0.010 15524+ 3.0 —0.14 £+ 0.08 1.00 None+None
P55-A-P55-B 0.618 £+ 0.009 1854 +2.8 —0.14 £ 0.05 1.00 CIH-CI
P27-A-P27-B 0.620 £ 0.002 186.0 + 0.7 —0.75 £ 0.02 1.00 C0+CO0
P22-A-P22-B 0.751 £ 0.004 2254+ 1.3 —0.51 +0.04 1.00 C0+CO
P33-A-(P33-B+P33-C) 0.877 £+ 0.007 263.24+2.0 0.99 C0+-(C0+-C0)
E183-A-E183-B 0.991 £ 0.025 2974 £74 —0.43 £ 0.19 0.97 CIH-CI
L1448IRS1-A-L1448IRS1-B 1.382 £ 0.012 4145 +35 —0.94 £+ 0.06 1.00 CI+-CI
P12-A-P12-B 1.830 & 0.004 549.0+ 1.2 —1.04 £ 0.03 0.99 C0+CO0
P35-A-P35-B 1.908 + 0.003 5725+ 1.0 —0.23 +£0.03 0.99 CI+CI
P11-A-P11-B 2.950 £+ 0.016 885.0 £4.9 —0.97 £ 0.08 0.92 C0+CO0
E156-A-E156-B 3.107 £ 0.010 9322429 —0.18 £ 0.10 0.92 None+None
(P36-A+P36-B)-BD-+30-547 3.625+£0.029  1087.5 £ 8.7 0.98 (CI4+-CI)+None
(P44-A+P44-B)-SVS13A2 5201 +£0.005 1560.3 £ 1.6 0.91 (C0+C0)+CO
P32-A-P32-B 6.067 £ 0.018  1820.1 £5.5 —0.17 £ 0.17 0.92 C0+CO0
[P33-A+(P33-B+P33-C)] —L1448IRS3A 7.255+0.006 21765+ 1.8 0.93 [CO+(CO+CO)] +CI
P26-P42 8.105 £0.007 2431.5+2.1 —0.85 £ 0.03 0.96 C0+CI
P8-(P55-A+P55-B) 9.276 £ 0.005 27829+ 1.6 0.93 CO0+(CI+CI)
P37-E235 10.558 £0.013  3167.4 +£4.0 —0.66 £ 0.11 0.75 CO-+None
P13-14B’ 10.657 £ 0.006  3197.0 £ 1.8 —0.35 £ 0.02 0.87 C0+CO0
(P11-A+P11-B)-P11-C 10.939 +£0.021  3281.8 £6.2 0.74 (C0+C0)+CO
(P18-A+P18-B)-P21 13.247 £0.005 39740+ 1.5 0.78 (CO0+C0)+C0
[(P44-A+P44-B)+SVS13A2] —SVSI13B 13.374 £0.002  4012.3 £0.7 0.61 [(CO+C0)+-CO0] +CO
P41-B1-bS 13.960 + 0.020  4188.1 £5.9 —0.90 £+ 0.09 0.91 CI+CO
P16-P28 16.063 +0.038  4819.0 £ 11.4 —0.02 £ 0.17 0.71 C0+CO
([P33-A+(P33-B+P33-C)] +L1448IRS3A)-(L1448NW-A 19.791 £ 0.006 59374 £ 1.9 0.66 ([CO+(CO+CO)] +CD
+L1448NW-B) +(C0+C0)
(P414+-B1-bS)-B1-bN 20.337 £0.023  6101.2+6.8 0.82 (CI4+C0)+C0
[(P18-A+P18-B)+P21] —(P49-A+P49-B) 27.684 £0.004 83053 + 1.3 0.51 [(C0+-C0)+CO0] +(CI4-CI)
P58-P65 28.885 £0.029  8665.4 + 8.7 —0.19 £ 0.13 0.39 CI+CI
([(P44-A+P44-B)+SVS13A2] +SVS13B)-SVS13C 29.560 = 0.001  8868.0 +0.4 . 0.39 ([(C0+-C0)+C0] +C0)+COo
(P27-A+P27-B)—[(P36-A+P36-B)+BD-+30-547] 29971 £0.001  8991.4 +0.3 0.45  (CO+CO0)+[(CI+CI)+None]
P6-P10 31.953 £0.007 95859 £ 2.1 —0.12 £ 0.03 0.67 C0+CO0

Note. Classes are provided in abbreviated form: CO—Class 0, CI—Class I, FS—Flat Spectrum, and CII—Class II. Components classified as “None” do not have a
classification. Flux ratios are only provided for pairings of single components. The column labeled “Prob.” corresponds to the probability of the pairing being a true,
bound pair and not a line-of-sight association, based on the YSO surface density.

(This table is available in machine-readable form.)

evidence is not strong enough to merit inclusion in the sample
of multiples.

HOPS-361-C (also known as NGC 2071 IRS3). Toward this
protostar, we detect two sources separated by ~46.5au
(0”.108) only in the VLA 9 mm observations (Figure 3); the
eastern source has a jet elongated nearly orthogonal to the
position angle between the two components. The ALMA
observations, on the other hand, detect only a large disk
surrounding the two protostars, with some surface brightness
variation. Extended emission from this disk is only visible at
low S/N in the VLA data. It is unclear why the two protostars
do not stand out within this disk, but the circumbinary disk
could be optically thick at 0.87 mm, or the surface brightness of
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the circumbinary disk could be comparable to the intensity
from the circumstellar disks around each protostar.

HOPS-361-E. This protostar also falls within the HOPS-361
region (~1140 au from HOPS-361-A) and only has its
multiplicity detected by the VLA (Figure 3). This source was
recognized as a multiple in a further analysis of the NGC 2071
IR region by Y. Cheng et al. (2021, in preparation). Its
separation of 0”.055 (~22 au) is too small to be resolved in our
ALMA observations, and only the higher resolution afforded
by the VLA observations enabled the system to be resolved.
Thus, the compactness of this system resulted in it not being
reported as a multiple in Paper I.
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Figure 2. Examples of Class 0, Class I, and Flat Spectrum multiples from Orion; the ALMA images are shown on the left, and the VLA images are shown on the right.
The Class 0 and Class I images are reproduced from Paper I, but the HOPS-85 images are produced with superuniform weighting (ALMA image, left) and robust = 0
weighting (VLA image, right) showing the binary more clearly than the images from Paper I. HOPS-395 may have a shared inner disk or envelope surrounding the
binary, the southern component of HOPS-323 appears to be an edge-on disk, and we only detect the individual circumstellar disks toward HOPS-85. The contours on
the HOPS-85 VLA image start at +3¢ and increase by +20, where o = 11.3 Jy beam . Black crosses mark the source positions from the Gaussian fitting to the
VLA data. The ALMA and VLA beam sizes are ~0”.11 and ~0".08, respectively, while for HOPS-85, the respective beams are ~0”.08 and 0”.06.

HOPS-288. We find another example of compact multi-
plicity toward this protostar, shown in Figure 3, where two
continuum sources are clearly detected by both ALMA and the
VLA and are separated by ~220au (0”.542). The brighter,
western source is found to be extended in both the ALMA and
VLA images, but VLA imaging with higher resolution using a
robust parameter of 0 (Briggs weighting) rather than Natural
Weighting used in Paper I reveals that there are two point
sources within the brighter source, separated by ~54au
(0”7.133). Imaging the ALMA data with lower values of the
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robust parameter to achieve higher resolution does not reveal
the close companion source at 0.87 mm; this companion may
also be obscured by optically thick continuum emission. This
close companion is positioned along the expected axis of the
disk of HOPS-288, orthogonal to the known molecular outflow
from this protostar (Stanke et al. 2000; van Kempen et al.
2016).

HOPS-384. This is also a close multiple system that was
only detected by the VLA (Figure 3). Similar to HOPS-288 and
HOPS-361-C, HOPS-384 is also one of the highest luminosity
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Figure 3. Multiple systems that are not detected by ALMA but are resolved by the VLA imaging. The lack of ALMA detections may be a combination of resolution
and dust opacity. The VLA images are produced with robust=0 weighting. The contours start at 3¢, increase by 20 until 150, then increase by 5o until 300, and then
increase by 100. The values for ¢ are 10.8, 10.0, and 10.9 pJy beam™ " for HOPS-361, HOPS-288, and HOPS-384, respectively. Black crosses mark the source
positions from the Gaussian fitting to the VLA data. The ALMA and VLA beam sizes are ~0”.11 and ~0”.08, respectively.
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Figure 4. ALMA and VLA continuum images of multiples detected by VLA and ALMA, but not all sources are present at both wavelengths. Three sources of
continuum emission are detected with ALMA for HOPS-56, but only two are detected by the VLA. All three are considered to be companions since the VLA is less
sensitive to dust emission and the non-detection does not rule out one of the sources. For HH270VLA1 on the other hand, three sources are detected by the VLA and
only two sources are detected by ALMA. The source not detected by ALMA is likely an outflow shock feature or a background AGN because of its strongly negative
spectral index. The contours start at 30 and increase by 20 until 150, then increase by 5o until 300, and then increase by 10o0. The values for o are 8.1 and
8.5 pJy beam ™! for HH270VLA1 and HOPS-56, respectively. The black crosses mark the source positions from Gaussian fitting to the VLA data for HH270VLA1
and the ALMA data for HOPS-56. The ALMA and VLA beam sizes for HH270VLA1 are ~0”.11 and ~0".06, respectively, and for HOPS-56, the respective beam
sizes are ~0”.11 and ~0".08.
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Figure 5. ALMA (left) and VLA (right) continuum images of the Class 0 system NGC 2024 FIR 3. The ALMA image was not observed by our program, but is an
ALMA 1.3 mm image from van Terwisga et al. (2020). The contours start at 30 and increase by 2¢ until 150, then increasing by 5o until 30c, and then increasing by
100. The value for o is 8.5 iJy beam ™ '. The black crosses mark the source positions from Gaussian fitting to the VLA data. The ALMA beam is ~0”.25, and the VLA
beam is ~0".08.

HOPS protostars, as high as ~1400 L. The close companions has a protuberance in the direction of the companion, and
are separated by 0”.11 in the VLA 9 mm image. The ALMA detection may simply require higher resolution. There is a third
image at the highest resolution with superuniform weighting companion to HOPS-384 located northwest by 3”.39 (not
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Figure 6. ALMA and VLA continuum images of possible multiples detected in VLA imaging but not in the ALMA imaging. These are classified as possible multiples
due to the low amplitude of their peak intensity above the noise, so they are not included in the multiplicity statistics. In the case of HOPS-124 (top row), the possible
companion is also detected in the outflow direction, corresponding to the near center of the crescent-shaped dust emission from the ALMA image. The ALMA HOPS-
124 image is produced with superuniform weighting, while the VLA image is produced with robust = —1 and only for the 8.1 mm portion (the highest frequency half
of the VLA data) of the data. The 0.87 mm continuum emission for HOPS-403 is likely optically thick (Karnath et al. 2020), which is probably the reason for the lack
of detection toward the two peaks by ALMA. In the VLA images, the contours start at 3¢, increase by 2o until 150, then increase by 5o until 300, and then increase by
100. The values for o are 6 and 24 ;Jy beam ' for HOPS-403 and HOPS-124, respectively. The black crosses mark the source positions from Gaussian fitting to the
VLA data. The ALMA and VLA beam sizes for HOPS-124 are ~0".09 and ~0".06, respectively, and for HOPS-403, the respective beam sizes are ~0".11

and ~0".07.
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Figure 8. Bolometric temperature vs. bolometric luminosity plots for both Orion and Perseus. Single systems are represented by small points, while the large points
represent the composite luminosity of each multiple system, with separations up to 10* au. Histograms are shown along the top and right axes for the scatter plots
along those directions. It is apparent that the T, distributions are quite similar for singles vs. multiple systems, while the luminosity distributions appear different. For
Orion the median luminosities of single and multiple systems are 0.96 and 3.27 L, respectively, and for Perseus, the median luminosities for single and multiples
systems are 0.97 and 3.06 L, respectively. The difference between the two distributions (singles vs. multiples) is statistically significant for Orion, while for Perseus

the difference is not quite statistically significant (see Section 4.1).

shown in Figure 3), but this source is not detected by the VLA
and appears as a near edge-on disk in the ALMA 0.87 mm
image (Tobin et al. 2020).

The next two sources are each in their own categories. The
first has companions detected by ALMA that were not
subsequently detected by the VLA, and the second was not
recognized as a separate protostellar system in Paper I, but is
both a discrete protostellar system and a binary system.

HOPS-56 has companions detected by ALMA but not by the
VLA. It is detected as a close triple system in the ALMA image
(Figure 4), both companions having separations of ~0".22.
However, the VLA image toward HOPS-56 does not detect all
three components, failing to detect HOPS-56-A-B, likely due to
poorer dust mass sensitivity in the VLA data as compared to
ALMA. Given the high-confidence detection of all three sources
with ALMA, we consider all three of these sources as companions.

NGC 2024 FIR-3 was added to the sample in subsequent
analysis of the data since the publication of Paper 1. This source
was detected in the VLA data toward HOPS-384 presented in
Paper I, but it was not identified as a multiple system there
because its nature was uncertain, and there were no ALMA
data covering that region in our survey. An ALMA survey of
the region, by van Terwisga et al. (2020), associated the
continuum at 1.3 mm emission with NGC 2024 FIR3, which
was classified as a Class 0 system by Ren & Li (2016) with a
bolometric luminosity of 220 L. Given the association with a
bonafide protostar system, we include this detection in our
multiplicity statistics with a separation of 1”.46 (~586 au) and
show the ALMA 1.3 mm image from van Terwisga et al.
(2020) and the VLA images in Figure 5. While we zoom-in
more closely on the source, the wider field image from van
Terwisga et al. (2020) shows a significant extended structure
associated with the envelope.

The following three protostars have possible companions
where tentative evidence is found in the VLA data but not the
ALMA data. We do not include these companions in our
multiplicity statistics given their tentative nature.

HOPS-124. This is a Class 0 protostar with a large disk that
has asymmetric dust emission with an apparent gap (Sheehan
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et al. 2020). An obvious culprit that can produce such features is
a companion star that formed within the disk. Images produced
with Robust =—1 of only the highest frequency half of the VLA
9mm data set (A~ 8.1 mm) detect a possible second source
separated by ~0".08 (Figure 6). However, this possible second
source is along the direction of the outflow and could be part of
the jet since the extended free—free emission associated with the
jet is seen in Ka-band toward some sources (see Figure 3). We
are, therefore, hesitant to claim this as a companion since it could
also be an extension of the compact jet emission. This possible
second source is also coincident with the bright dust ring that
appears in the ALMA images and the VLA image produced with
robust = 2 weighting (Paper I; Sheehan et al. 2020). Therefore,
this second source could instead be a clump of dust in the disk
and not a true companion. Consequently, this possible source is
not included in our multiplicity statistics.

HOPS-403. This is an extended source in both 0.87 mm and
9 mm dust continuum emission (Figure 6). This protostar is a
member of a subset of the Class 0 protostars that are more deeply
embedded than typical Class O protostars and may be one of the
youngest protostars in Orion, which are known as PACS Bright
Red Sources (Stutz et al. 2013; Tobin et al. 2015; Karnath et al.
2020). The ALMA 0.87 mm image only shows a fairly smooth
surface brightness distribution with a ~1” diameter, while VLA
9mm data reveal further substructure, including a possible
second point source with a separation of ~0”.15, located west of
the brighter source. However, its contrast with respect to the
surrounding continuum emission is only ~3c. There is no
evidence for this second source in the ALMA 0.87 mm data due
to the optical depth of the continuum (Karnath et al. 2020). Thus,
we are hesitant to definitively claim that this is a companion, and
this source is not included in our multiplicity statistics.

HH270VLAI. Toward this Class O protostar, both VLA and
ALMA detect two components separated by 0”.23 (Figure 4).
However, there is a third component detected by the VLA at
Ka-band. This third source has a radio spectral index of ~—0.4,
indicating nonthermal emission. Thus, this third source is either
a shock in the outflow, similar to the extended jets observed
toward HOPS-370 (Osorio et al. 2017; Tobin et al. 2019) and
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Figure 9. Histograms of companion separations for different selections from the Orion sample. The histograms specifying a particular protostar class only include
separations from each protostar to the specified class. Separations that include protostars from different classes or more than one unclassified source are only shown in
the panel labeled “All”. The lighter gray histograms do not include the companion probabilities as determined from the YSO surface density. This shows that
contamination is likely only significant for separations greater than 3000 au. The thin dotted curve in each panel is the Gaussian fit to the separation distribution of
solar-type field stars (Raghavan et al. 2010). The resolution limit for Orion and Perseus is ~20 au (1.3 in log units). The error bars for each bin are computed using
binomial statistics as discussed in Section 2.4.3. The number of separations contributing to each bin are then divided by the total number of singles and the total

number of separations displayed in the plot.

HOPS-361-C (Figure 3; Carrasco-Gonzélez et al. 2012; Cheng
et al. 2021, in preparation), or it is a background active galactic
nucleus (AGN). The probability of a background AGN ali gning
so closely with a binary protostar is very small, ~1077; see
Tobin et al. (2016a). For this reason, we do not consider the
third source, denoted HH270VLA1-C in Paper I, a companion.

3.4.

Impact of Non-detections or Spurious Detections

Given that the total sample size is ~300 protostars for Orion,
and there are ~100 in each protostellar class, the inclusion or
exclusion of any particular source will impact the resulting
MFs and CFs by £0.01. With the typical uncertainties of
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Figure 10. Same as Figure 9, but for histograms constructed only for protostars of the same class within Orion.

0.03 to 0.05, we would have overcount or undercount by ~6 to
10 sources to end up with multiplicity statistics that are
inconsistent by >1o. Either way, if there are undetected
companions by either ALMA or the VLA (see Section 3.6) or
the seven possible transition disks detected by Sheehan et al.
(2020) are really circumbinary disks, the statistics will be
further underestimated.

3.5. Dynamic Range of Detected Systems

We examined the companion flux density ratios as a function
of separation in Figure 7. The flux density ratios are shown in
separate panels for the ALMA 0.87mm and VLA 9 mm.
Tables 3 and 4 list the ratios corresponding to each system, but
we only provide the ratios for individual source pairs and not
when a source is paired with an existing multiple or when two
multiple systems are joined. We find that there is no clear
contrast limit for the detection of companions that is
progressively lower as separation decreases. The majority of
companions tend to have flux density ratios that are within a
factor of 10. Only a few have ratios greater than a factor of 100,
and those are only seen in the ALMA data for companions that
have separations approaching 10”. Thus, it is not clear if
dynamic range limits affect our ability to detect the multiplicity
in protostars with the current data. There are also additional
factors to consider since we are detecting emission from

18

extended dusty disks rather than from stellar point sources.
Source separation plays a role in defining the extent of their
circumstellar disks (Artymowicz & Lubow 1994). Then, the
flux density that we observe is determined from a combination
of dust mass and disk radial size (or simply surface density),
both of which are related to the dust continuum opacity.
These flux density ratios have no relation to the underlying
mass ratios of these systems because there are clear examples
where the brightest dust continuum source in a system is not
the most massive (e.g., L1448 IRS3B; Tobin et al. 2016b;
Reynolds et al. 2021). The ratios could be interpreted as a dust
mass ratio of the circumstellar disks around each component of
a multiple system, with the caveat that the VLA data can have
contributions from free—free emission. However, such compar-
isons can be misleading if a substantial amount of the dust is
optically thick. We avoid over-interpreting the flux ratios, but
provide them as an observational characteristic of the systems.

3.6. Near-infrared versus ALMA/VLA Detections

The large sample of HOPS protostars observed with HST
NICMOS and WFC3 (Kounkel et al. 2016; Habel et al. 2021)
enables us to compare protostellar multiples that are detected
from their direct stellar emission to those detected via their
circumstellar dust emission. This allows us to determine how
much incompleteness there might be in a particular type of
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Figure 11. Same as Figure 9 but for Perseus.

observation. For the purposes of this analysis, we only consider
multiples that would have been within the range of detection by
both projects, which limits the analysis to separations between
10% and 10? au (~0".25 to ~2".5). We emphasize that, even if a
companion is detected by HST and not ALMA/VLA, we do
not add it back into our current analysis, leaving our analysis
based on ALMA/VLA data alone.
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There were a total of 274 HOPS protostars observed by both
ALMA/VLA and HST at 1.6 um Kounkel et al. (2016). Neither
ALMA /VLA nor HST detect companions toward 235 protostars,
both ALMA/VLA and HST detect the same companions toward
19 protostars (2 Class 0, 6 Class I, and 11 Flat Spectrum),
ALMA/VLA alone detects a companion toward 12 (9 Class 0
and 3 Class I) protostars, and HST alone detects a companion
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Table 5
Orion and Perseus Multiplicity and Companion Fractions with Probabilities

Tobin et al.

Sample/Subsample

Separation Range

S:B:T:Q:5:6:7:8:9:10:11

MF

CF

Orion All

Orion All—No Unclassified

Orion Class 0—(Class 0, Class I, Flat)
Orion Class 0—Class 0

Orion Class I - (Class 0, Class I, Flat)
Orion Class I—Class T

Orion Flat - (Class 0, Class I, Flat)
Orion Flat—Flat

Orion (Class I, Flat)—(Class 0, Class I, Flat)

Orion(Class I, Flat)—(Class I, Flat)
Perseus All

Perseus All—No Unclassified

Perseus Class 0—(Class 0, Class I, Flat)
Perseus Class 0—Class 0

Perseus (Class I, Flat)—(Class 0, Class I, Flat)

Perseus (Class I, Flat)—(Class I, Flat)

20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000
20-10,000

218:70:10:2:4:1:0:0:0:1:0:0
195:68:9:2:4:1:0:0:0:1:0:0
58:27:5:1:1:1:0:0:0:1:0:0
58:16:4:0:0:0:0:0:0:1:0:0
78:18:3:0:2:0:0:0:0:0:0:0
78:16:1:0:1:0:0:0:0:0:0:0
59:23:1:1:1:0:0:0:0:0:0:0
59:23:1:0:1:0:0:0:0:0:0:0
137:41:4:1:3:0:0:0:0:0:0:0
137:39:2:0:2:0:0:0:0:0:0:0
45:18:4:2:1:0:0:0:0:0:0:0
37:16:4:2:1:0:0:0:0:0:0:0
18:11:2:2:1:0:0:0:0:0:0:0
18:9:1:1:0:0:0:0:0:0:0:0
19:5:2:0:0:0:0:0:0:0:0:0
19:5:0:0:0:0:0:0:0:0:0:0

0.29°903
0.3020:03
0.38%003
02759
0.23063
0.197563
0.31799¢
030008
0.26:004
0.247563
0.36:000
0.38%0%7
0.477019
0.385018
0274544
0.2170:43

0.415003
0.447053
0.62°016
0.42%556
0.32°063
0.23%553
0.38*006
0.352006
0.34750;
0.284003
0.515941
0.5755:43
0.747515
0.48011
0.352015
0.21%505

Orion All

Orion All—No Unclassified

Orion Class 0—(Class 0, Class I, Flat)
Orion Class 0—Class 0

Orion Class [—Class 1

Orion Flat—Flat

Orion (Class I, Flat)—(Class I, Flat)
Perseus All

Perseus All—No Unclassified
Perseus Class 0—Class 0

Perseus (Class I, Flat)—(Class I, Flat)

20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000
20-1000

306:57:4:0:0:0:0:0:0:0:0:0
277:54:4:0:0:0:0:0:0:0:0:0
94:22:2:0:0:0:0:0:0:0:0:0
94:20:2:0:0:0:0:0:0:0:0:0
106:13:0:0:0:0:0:0:0:0:0:0
77:19:2:0:0:0:0:0:0:0:0:0
183:32:2:0:0:0:0:0:0:0:0:0
63:20:1:0:0:0:0:0:0:0:0:0
53:18:1:0:0:0:0:0:0:0:0:0
32:10:1:0:0:0:0:0:0:0:0:0
21:8:0:0:0:0:0:0:0:0:0:0

0175003
0.1750%3
0.20*608
0197304
0115553
0217393
0.16:0%3
0.25+5%8
0.267008
0.26+5%8
0.28%3:4

018003
0.19%6:3
0.22+00%
02166
0.1150:03
0234993
0.17+5%3
0.26+:0¢
0.28700¢
0.28%0%7
0.28+0:44

Orion All

Orion All—No Unclassified

Orion Class 0—Class 0

Orion Class I—Class T

Orion Flat—Flat

Orion (Class I, Flat)—(Class I, Flat)
Perseus All

Perseus All—No Unclassified
Perseus Class 0—Class 0

Perseus (Class I, Flat)—(Class I, Flat)

20-500
20-500
20-500
20-500
20-500
20-500
20-500
20-500
20-500
20-500

330:48:2:0:0:0:0:0:0:0:0:0
299:45:2:0:0:0:0:0:0:0:0:0
102:17:2:0:0:0:0:0:0:0:0:0
112:10:0:0:0:0:0:0:0:0:0:0
85:18:0:0:0:0:0:0:0:0:0:0
197:28:0:0:0:0:0:0:0:0:0:0
71:16:1:0:0:0:0:0:0:0:0:0
59:15:1:0:0:0:0:0:0:0:0:0
36:8:1:0:0:0:0:0:0:0:0:0
23:7:0:0:0:0:0:0:0:0:0:0

0.1359%3
0.1415:%
0.16*534
0.085:93
0.17:0%
0.121593
0197003
0.21798¢
0.2079%8
0237348

0.14+3:92
014703
0.17:664
0.0870%
0.172585
012303
0207303
0.2379%¢
0.227505
0.23%008

Orion All

Orion All—No Unclassified

Orion Class 0—(Class 0, Class I, Flat)
Orion Class 0—Class 0

Orion Class —Class T

Orion Flat—Flat

Orion (Class I, Flat)—(Class I, Flat)
Perseus All

Perseus All—No Unclassified

Perseus Class 0—(Class 0, Class I, Flat)
Perseus Class 0—Class 0

Perseus (Class I, Flat)—(Class 0, Class I, Flat)

Perseus (Class I, Flat)—(Class I, Flat)

100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000
100-1000

327:37:3:0:0:0:0:0:0:0:0:0
297:35:3:0:0:0:0:0:0:0:0:0
103:14:1:0:0:0:0:0:0:0:0:0
103:12:1:0:0:0:0:0:0:0:0:0
110:9:0:0:0:0:0:0:0:0:0:0
84:12:2:0:0:0:0:0:0:0:0:0
194:21:2:0:0:0:0:0:0:0:0:0
72:11:1:0:0:0:0:0:0:0:0:0
62:9:1:0:0:0:0:0:0:0:0:0
39:3:1:0:0:0:0:0:0:0:0:0
39:3:1:0:0:0:0:0:0:0:0:0
23:6:0:0:0:0:0:0:0:0:0:0
23:6:0:0:0:0:0:0:0:0:0:0

0.1059%
0114553
0.127664
0.1040%3
0077663
0.13+9%
010303
0.1359%4
0127663
0.08759
0.08759%
0.197049
0.197807

0.1150:02
012453
0.1379%
0.115003
0.0750%
0.15250;
0113053
0142503
0.147063
0.10+3:9
0.1053:98
0197047
0.19+3:49

Note. Note that the uncertainties are calculated assuming binomial statistics (Wilson score interval) for the MF and CF for CF <0.5. When the CF >0.5, we use
Poisson uncertainties; see Section 2.4.2. The same uncertainties are applied for all tables in the text.
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Table 6
Combined Multiplicity and Companion Fractions with Probabilities

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF

Combined All 20-10,000 263:88:14:4:5:1:0:0:0:1:0:0 0.30%0:63 0437003
Combined All—No Unclassified 20-10,000 232:84:13:4:5:1:0:0:0:1:0:0 0.32f8;8§ 0.46f8j8§
Combined Class 0—(Class 0, Class I, Flat) 20-10,000 76:38:7:3:2:1:0:0:0:1:0:0 0417003 0.65750
Combined Class 0—Class 0 20-10,000 76:25:5:1:0:0:0:0:0:1:0:0 0.30%92 044700
Combined (Class 1, Flat)—(Class 0, Class 1, Flat) 20-10,000 156:46:6:1:3:0:0:0:0:0:0:0 0.263393 0.340%
Combined (Class I, Flat)—(Class I, Flat) 20-10,000 156:44:2:0:2:0:0:0:0:0:0:0 0.24+393 0275093
Combined All 20-1000 369:77:5:0:0:0:0:0:0:0:0:0 0.1875% 0.1970:03
Combined All—No Unclassified 20-1000 330:72:5:0:0:0:0:0:0:0:0:0 0.1973% 0.20°3%
Combined Class 0—(Class 0, Class I, Flat) 20-1000 126:32:3:0:0:0:0:0:0:0:0:0 0.2279% 0.24+:04
Combined Class 0—Class 0 20-1000 126:30:3:0:0:0:0:0:0:0:0:0 0.2159% 0.2379%
Combined (Class I, Flat)—(Class I, Flat) 20-1000 204:40:2:0:0:0:0:0:0:0:0:0 0.17:3%3 0.1850%3
Combined All 20-500 401:64:3:0:0:0:0:0:0:0:0:0 0.1430%3 0.1550%3
Combined All—No Unclassified 20-500 358:60:3:0:0:0:0:0:0:0:0:0 0.1570%3 0.1610:92
Combined Class 0—Class 0 20-500 138:25:3:0:0:0:0:0:0:0:0:0 0.17+3%3 0.19+304
Combined (Class I, Flat)—(Class I, Flat) 20-500 220:35:0:0:0:0:0:0:0:0:0:0 0.14155 0.143093
Combined All 100-1000 399:48:4:0:0:0:0:0:0:0:0:0 0.1179% 0.12+3:92
Combined All—No Unclassified 100-1000 359:44:4:0:0:0:0:0:0:0:0:0 0.117.03 0.1230:93
Combined Class 0—(Class 0, Class I, Flat) 100-1000 142:17:2:0:0:0:0:0:0:0:0:0 0.1159% 0.1230%3
Combined Class 0—Class 0 100-1000 142:15:2:0:0:0:0:0:0:0:0:0 0.1019% 0.1150%3
Combined (Class I, Flat)—(Class I, Flat) 100-1000 217:27:2:0:0:0:0:0:0:0:0:0 0.1175:9 0.1230.03

toward 8 (4 Class I and 4 Flat Spectrum) protostars. We consider
4 of the HST-only companions as tentative given that they are
very faint (HOPS-5, HOPS-65, HOPS-86, and HOPS-281);
HOPS-281 is also a tentative companion for the ALMA detection.

Between 10% and 10> au, we estimate a submillimeter/
centimeter incompleteness of ~20% (as given by
I-[Number of detected companions/Total companions];
total companions is the millimeter plus infrared compa-
nions). Considering only Class I and Flat Spectrum
protostars, the incompleteness rises to 29%. The infrared-
only incompleteness is 31% if Class 0 protostars are
included in the counting, but drops to ~11% if only Class I
and Flat spectrum protostars are included. Much of this
incompleteness in the infrared is due to extinction; Class 0
protostars are rarely detected in the HST 1.6 um data, while
many Class Is are only detected in scattered light (Habel
et al. 2021). The detection of companions in the HST data is
primarily toward the ~30% of the protostars that are visible
as point sources (Kounkel et al. 2016). Thus, both
techniques may have comparable levels of incompleteness
depending on the class of protostar observed. However, the
submillimeter /millimeter observations are clearly superior
for characterizing Class 0 multiplicity, while the near-
infrared observations appear superior for characterizing
Class I and Flat Spectrum multiplicity at separations
>100 au. On the other hand, separations <100 au may be
problematic in the near-infrared for Class I protostars with
significant envelopes due to significant scattered light
confusion and dust opacity. Infrared observations at
<100 au separations may be most effective for the more-
evolved Flat Spectrum protostars.

A weakness of the near-infrared observations is that they
also have a greater likelihood of contamination as compared to
submillimeter and millimeter observations. This is because
contamination can come from foreground or background stars,
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and contamination becomes extremely problematic at projected
separations >10> au (Kounkel et al. 2016). Submillimeter and
millimeter observations are also susceptible to contamination,
as described in Appendix A, but the requirement for them to
have either dusty emission or free—free emission significantly
reduces the number of possible contaminating sources relative
to near-infrared.

4. Overall Multiplicity Characterization

We describe the overall multiplicity results from our
observations in the following subsections. The Orion results
are the main focus, but we also include details of Perseus where
relevant and when the results are distinct from those of Tobin
et al. (2016a).

4.1. Bolometric Luminosities and Temperatures

We start by examining Ty, versus Ly for the single systems
versus the multiple systems as shown in Figure 8. The figure
shows all systems that are multiple from 20 to 10,000 au. It is
apparent that the luminosities of multiple systems, which
implicitly includes the luminosities of all protostellar members,
are systematically higher than the luminosities of systems that
are single at our resolution limit. The median luminosities for
singles and multiples in Orion are 096 and 3.27 Lg,
respectively, and for Perseus, they are 0.97 and 3.06 Lg,
respectively. The difference is quite obvious in Orion and is also
discernible, by eye, in Perseus, despite a smaller sample size. We
compared the Ly, distributions for single versus multiples using
the Kolmogorov—Smirnoff (KS) test, and for Orion, the null
hypothesis that singles and multiples are drawn from the same
parent distribution is ruled out with a likelihood of <0.01; the
null hypothesis cannot be ruled out at the same likelihood level
for Perseus, where we find a likelihood of 0.025. For both
Perseus and Orion, the Ty distributions are consistent with
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Table 7
Multiplicity and Companion Fractions at High and Low-YSO Surface Densities

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF
>30 pc 2 All 20-10,000 106:39:10:1:4:1:0:0:0:1:0 0.357004 0.57:9%
> 30 pc 2 All—No Unclassified 20-10,000 83:38:9:1:4:1:0:0:0:1:0 0.397003 0.6579%
> 30 pc? Class 0—(Class 0, Class I, Flat) 20-10,000 35:15:5:0:1:1:0:0:0:1:0 0.40+597 0.747013
>30 pc 2 Class I - (Class 0, Class I, Flat) 20-10,000 22:9:3:0:2:0:0:0:0:0:0 0.397549 0.641017
> 30 pc 2 Flat - (Class 0, Class I, Flat) 20-10,000 26:14:1:1:1:0:0:0:0:0:0 0.40:0%8 0.53914
> 30 pc? (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 48:23:4:1:3:0:0:0:0:0:0 0.39700¢ 0.58 7011
>30 pc2 All 20-1000 170:36:4:0:0:0:0:0:0:0:0 0.19593 021199
> 30 pc2All—No Unclassified 20-1000 141:34:4:0:0:0:0:0:0:0:0 021194 0237554
> 30 pc’2 Class 0—(Class 0, Class I, Flat) 20-1000 62:14:2:0:0:0:0:0:0:0:0 0.21f8_’8§’ 0.23f8_‘8§
>30 pc 2 Class I - (Class 0, Class I, Flat) 20-1000 43:7:0:0:0:0:0:0:0:0:0 0.14:39 0.14557
> 30 pc 2 Flat - (Class 0, Class I, Flat) 20-1000 36:13:2:0:0:0:0:0:0:0:0 0.297908 0337598
> 30 pc 2 (Class I, Flat)—(Class 0, Class I, Flat) 20-1000 79:20:2:0:0:0:0:0:0:0:0 0221593 0.247592
>30 pc 2 All 20-500 188:30:2:0:0:0:0:0:0:0:0 0.151593 0.157593
> 30 pc % All—No Unclassified 20-500 158:28:2:0:0:0:0:0:0:0:0 0.1659% 0.179%
> 30 pc 2 Class 0—(Class 0, Class I, Flat) 20-500 69:10:2:0:0:0:0:0:0:0:0 0.15303 0.1750%
>30 pc 2 Class I - (Class 0, Class I, Flat) 20-500 47:5:0:0:0:0:0:0:0:0:0 0.1010:0 0.1079:9
> 30 pc 2 Flat - (Class 0, Class I, Flat) 20-500 42:13:0:0:0:0:0:0:0:0:0 0.241591 0241097
>30 pc’2 (Class I, Flat)—(Class 0, Class I, Flat) 20-500 89:18:0:0:0:0:0:0:0:0:0 0A17f8_'81 0.173?;8‘41
>30 pc? All 100-1000 182:25:3:0:0:0:0:0:0:0:0 0.134003 0.147003
> 30 pc~2 All—No Unclassified 100-1000 152:24:3:0:0:0:0:0:0:0:0 0.1479% 0.16:0:93
> 30 pc2 Class 0—(Class 0, Class I, Flat) 100-1000 68:9:1:0:0:0:0:0:0:0:0 0.12:5% 0.1350%
>30 pc2 Class I - (Class 0, Class I, Flat) 100-1000 44:6:0:0:0:0:0:0:0:0:0 0.12+99¢ 0.1275%
> 30 pc 2 Flat - (Class 0, Class I, Flat) 100-1000 40:9:2:0:0:0:0:0:0:0:0 0.20:000 0.24+3:97
> 30 pc™? (Class I, Flat)—(Class 0, Class 1, Flat) 100-1000 84:15:2:0:0:0:0:0:0:0:0 0.16:504 0.185003
<30 pc 2 All 20-10,000 112:31:0:1:0:0:0:0:0:0:0 0.22+9% 0.247+004
<30 pc~? All—No Unclassified 20-10,000 112:30:0:1:0:0:0:0:0:0:0 0.2259%4 023755
<30 pc 2 Class 0—(Class 0, Class I, Flat) 20-10,000 23:12:0:1:0:0:0:0:0:0:0 0.361 543 0.4210.1%
<30 pc~2 Class I - (Class 0, Class 1, Flat) 20-10,000 56:9:0:0:0:0:0:0:0:0:0 0.1429% 0.14588
<30 pc 2 Flat - (Class 0, Class I, Flat) 20-10,000 33:9:0:0:0:0:0:0:0:0:0 0217558 0213908
<30 pc 2 (Class 1, Flat)—(Class 0, Class I, Flat) 20-10,000 89:18:0:0:0:0:0:0:0:0:0 0.17-004 0.17904
<30 pc 2 All 20-1000 136:21:0:0:0:0:0:0:0:0:0 0.137093 0.137593
<30 pc~2 All—No Unclassified 20-1000 136:20:0:0:0:0:0:0:0:0:0 0.1343:93 0.1359%3
<30 pc2 Class 0—(Class 0, Class I, Flat) 20-1000 32:8:0:0:0:0:0:0:0:0:0 0.202938 0.20* 508
<30 pc™2 Class I - (Class 0, Class I, Flat) 20-1000 63:6:0:0:0:0:0:0:0:0:0 0.0975% 0.0970%
<30 pc™? Flat - (Class 0, Class I, Flat) 20-1000 41:6:0:0:0:0:0:0:0:0:0 0.137537 0.13%907
<30 pc~? (Class I, Flat)—(Class 0, Class I, Flat) 20-1000 104:12:0:0:0:0:0:0:0:0:0 0.10t8;83‘ 0.10f8j8§
<30 pc 2 All 20-500 142:18:0:0:0:0:0:0:0:0:0 0.117593 0.11°3%
<30 pc~? All—No Unclassified 20-500 141:17:0:0:0:0:0:0:0:0:0 0.114563 0.11%5%3
<30 pc™? Class 0—(Class 0, Class I, Flat) 20-500 33:7:0:0:0:0:0:0:0:0:0 0.17:508 0.175008
<30 pc2 Class I - (Class 0, Class I, Flat) 20-500 65:5:0:0:0:0:0:0:0:0:0 0.07+5% 0.07-903
<30 pc 2 Flat - (Class 0, Class I, Flat) 20-500 43:5:0:0:0:0:0:0:0:0:0 0.102908 0.10500%
<30 pc 2 (Class I, Flat)—(Class 0, Class I, Flat) 20-500 108:10:0:0:0:0:0:0:0:0:0 0.0875:93 0.085:93
<30 pe > All 100-1000 145:12:0:0:0:0:0:0:0:0:0 0.0744%3 0.07:55
<30 pc 2 All—No Unclassified 100-1000 145:11:0:0:0:0:0:0:0:0:0 0.07003 0.07:593
<30 pc? Class 0—(Class 0, Class I, Flat) 100-1000 35:5:0:0:0:0:0:0:0:0:0 0.1279%7 0.121041
<30 pc2 Class I - (Class 0, Class I, Flat) 100-1000 66:3:0:0:0:0:0:0:0:0:0 0.04-00% 0.0479%
<30 pc? Flat - (Class 0, Class I, Flat) 100-1000 44:3:0:0:0:0:0:0:0:0:0 0.06-5%8 0.065%
<30 pc™? (Class I, Flat)—(Class 0, Class I, Flat) 100-1000 110:6:0:0:0:0:0:0:0:0:0 0.0575% 0.0550%

having been drawn from the same sample. We further note that
the median luminosity differences and inconsistency of the
luminosity distributions persist for different separation ranges
(20 to 500 au and 20 to 10° au, in addition to the shown range of
20 to 10" au).
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The skew toward higher luminosities for the multiples could
be related to the fact that multiple systems occur more
frequently for higher-mass systems (e.g., Duchéne &
Kraus 2013). However, this is speculative given that the
protostellar masses are not known for the majority of these
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Figure 12. Same as Figures 9 and 11 but for histograms constructed from the combined sample of Orion and Perseus. Class I and Flat Spectrum are not differentiated
here because the Perseus sample does not distinguish between Flat Spectrum and Class I sources.

multiple systems. But, in any event, two (or more) protostars
accreting at similar rates will naturally have a higher luminosity
than a single protostar accreting at the same rate.

4.2. Separation Distributions

A major goal of this study is to better determine the typical
separations of companion stars, which can be connected to the
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formation mechanism. We use the list of all separations
measured (Tables 3 and 4) following the analysis methods
described in Section 2.4 and Appendix A to generate
histograms and cumulative distributions for companion stars
in different separation bins. These histograms are generated
with bin sizes of 0.25 for the log;( of the projected separation
in au. The separation-distribution histograms of the Orion
results for the full sample, Class 0 protostars, Class I protostars,
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Flat Spectrum protostars, and Class I and Flat Spectrum
protostars considered together are shown in Figure 9 . We then
show the Orion separation distributions limited to only
protostar separations of a particular class in Figure 10. Finally,
the separation distributions for Perseus are shown in Figure 11.
In this and the following sections, and in Tables 5, 6, and 7, we
refer to the different multiple systems of protostars from
different classes in the following manner, with the first class
listed representing the majority classification of the system, and
the second item refers to the classes of the other system
components. We use the following classifications:

. Class 0—Class 0.

. Class 0—(Class 0, Class I, Flat).

. Class I-Class 1.

. Class I-(Class 0, Class I, Flat).

. (Class I, Flat)—(Class I, Flat).

. (Class I, Flat)—(Class 0, Class I, Flat).
. Flat-Flat.

8. Flat—(Class 0, Class I, Flat).

NN AW =

For example, Class 0—Class O specifically refers to multiple
systems that are only composed of Class O protostars. These
could be binaries, triples, or higher order, but all have the Class
0 classification. Then, Class 0—(Class 0, Class I, Flat) will
include multiple systems that include protostars of all Classes
and not just Class Os; however, the primary classification of the
system will be Class 0 due to a majority of its components
being Class 0 (see Appendix A.3). This categorization does not
result in double counting of multiples between systems that are
composed of different Classes, but Class 0—Class 0 and Class
0—(Class 0, Class I, Flat) do overlap in their samples. However,
one can see some differences visually in Figures 9 and 10
between homogeneously classified multiples and multiples
with composite classification.

We note that some composite categories, like (Class I, Flat)—
(Class I, Flat), are needed because the available Perseus
classifications did not distinguish between Class I and the
more-evolved Flat Spectrum protostars. Thus, to compare with
Orion, it is more appropriate to consider the composite
category.

The histograms generated for the Orion protostars fill the
range of parameter space from 20 au to 10* au. The histogram
for the full sample (see Figure 9) shows some structure with a
peak at ~75 au and another peak at ~4000 au. Multiples exist
between these two peaks, but there is a local minimum that is
visually apparent at ~300 au, and the histogram does not begin
rising again until separations >10° au. We note that the scheme
for determining the probability of a detected continuum source
to be a companion (Section 2.4.3) lowers the significance of the
peak at large separations but does not affect the histograms
significantly at less than ~3000 au. The separation histograms
for Perseus appear similar to those of Orion (Figure 11), with
most of the histogram bins being within their 1o uncertainties.

The separation distributions for Class O protostars (for both
homogeneous and composite systems) appear the most distinct
relative to the separation distributions of Class I and Flat
Spectrum protostars. The principal difference is the bimodal
appearance of the Class O distributions, while the separation
distributions of more-evolved systems tend to be more flat and
exhibit less structure. Thus, it is the Class O protostars that are
primarily responsible for this bimodal appearance in the full
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sample (Figures 9 and 10). Because the trends in both regions
are similar, we are motivated to combine the data sets to
improve the statistics of the separation distributions. We show
the separation-distribution histograms for the combined Orion
and Perseus samples in Figure 12. The combination of the
samples results in a smoother distribution of separations due to
the greater numbers, but is not fundamentally different from
Orion and Perseus on their own.

4.3. Quantitative Separation-distribution Comparisons

The distributions of separations, as shown in the histograms
in Figures 9-12, are illuminating, but they do not quantitatively
demonstrate whether or not Perseus and Orion are statistically
different or if analytic distributions are consistent with the
observations. Statistical tests are necessary to determine if the
observed populations are likely drawn from the same parent
distribution. To evaluate this, we constructed CDFs from the
separation distributions and used their respective companion
probabilities to compare the distributions by randomly
sampling the separation-distribution CDFs 1000 times and
comparing each of these randomly sampled CDFs using the KS
test as described in Appendix A.2. We only considered the full
separation range (20 to 10*au), because the separation
distributions from 20 to 10°au could not rule out the null
hypothesis for any tests. Figure 13 shows the CDFs for Orion
and Perseus; the upper left panel shows the effect of the
companion probabilities on the CDFs for the full sample.

4.3.1. Orion and Perseus Comparisons

We first compared the Orion and Perseus separation
distributions for all possible combinations of the same classes.
The median likelihoods and their uncertainty (defined by
quartiles) for the randomly sampled CDFs are used to evaluate
the statistical tests. We find that the null hypothesis cannot be
ruled out for any of the Orion and Perseus separation
distributions, meaning that there is no statistical evidence for
the Perseus and Orion separation distributions to be drawn from
different samples. The sample with the lowest median
likelihoods were Class I-Class I and (Class I, Flat)—(Class
I, Flat).

4.3.2. Comparison between Classes

In Section 4.2, we highlighted some visual differences
between the separation distributions of different Orion protostar
Classes. Here we now evaluate whether they are statistically
significant. Out of all the classes, only comparisons between
Class 0—(Class 0, Class I, Flat) versus Flat-Flat and Class I-
(Class 0, Class I, Flat) versus Flat—Flat had median likelihoods
that were <0.01 along with more than half of their realizations
having likelihoods <0.01. One other comparison, Class 0—
Class 0 versus Class I-(Class 0, Class I, Flat) nearly made the
cutoff for a statistically significant difference with a median
likelihood of 0.011. Thus, the most significant difference in the
separation distribution can be observed between the youngest
multiple systems and the most-evolved multiple systems in
Orion. The principal difference in the histograms shown in
Figures 9 and 10 is that the Class 0—(Class 0, Class I, Flat)
distribution has significantly more companions at separations
>1000 au as compared to the Flat-Flat distribution.
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Figure 13. Cumulative separation distributions for Orion and Perseus protostars for different protostar classes. The samples for different protostar classes are all
consistent with being drawn from the same parent distribution. The upper left panel shows the impact of our companion probabilities on the CDFs for the full sample.

We also compared the separation distributions of the
combined Orion and Perseus samples. In this comparison, we
only find a statistically significant difference for Class 0—(Class
0, Class I, Flat) versus (Class I, Flat)—(Class I, Flat), with a
median likelihood of 0.002. Like the results from Orion only,
we find a statistically significant difference between the
youngest systems and those that are the most evolved.
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4.3.3. Comparison with a Log-flat Distribution

We also compared our separation distribution to an analytic
distribution that is flat in log separation space, a log-flat
distribution, which is commonly referred to as Opik’s law
(Opik 1924) and has been found to describe populations of
companion separations (e.g., Kouwenhoven et al. 2007). We
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Figure 14. Cumulative separation distributions for Orion and Perseus
protostars shown relative to a log-flat separation distribution and the separation
distribution for solar-type field stars from (Raghavan et al. 2010). The log-flat
distribution shown is calculated with respect to the Orion separations.

show an example log-flat separation distribution in Figure 14.
Comparing with a log-flat distribution also indirectly checks
whether the bimodal appearance is statistically robust. We
performed a one-sided KS test with an analytic log-flat
distribution. The results from 1000 KS tests, sampling the
source separation distribution according to the probabilities, are
comparable to using a two-sample KS test with a log-flat
distribution with a sample size 100x the size of the input
sample. Only the Orion Class 0—(Class 0, Class I, Flat) sample
and the Class I-(Class 0, Class I, Flat) sample were able to
reject the null hypothesis with a median likelihood <0.01.

The Perseus separation distributions were also tested against
a log-flat separation distribution, but none of the Perseus
subsamples nor overall sample are able to reject the log-flat
separation distribution with a likelihood <0.01. This is contrary
to the result from Tobin et al. (2016a) that found evidence that
a log-flat distribution could be ruled out for the full sample,
with a likelihood <0.1. However, in this study, none of the
Perseus samples are able to rule out the null hypothesis even
for likelihoods of 0.1. The sample that has the lowest likelihood
is the Perseus Class 0—(Class 0, Class I, Flat) sample with a
likelihood of 0.11. To investigate if our companion probability
scheme is the cause of the difference, we also performed the
comparison with a distribution of separations without prob-
abilities (assuming all are companions), and the lowest
likelihood was 0.135, also for Class 0—(Class 0, Class I, Flat);
see Appendix B. The reason why we do not find the same result
as the previous study is because the separation distributions are
constructed differently and use automated methods rather than
manual associations. In this case, the main source of difference
arises from the higher-order systems whereas the previous
study chose the primary, and separations were all calculated
with respect to the primary.

We also compared the combined sample of Orion and
Perseus with the log-flat distribution. Similar to the case for
Orion alone, both Class 0—(Class 0, Class I, Flat) and Class I-
(Class 0, Class I, Flat) samples are able to reject a log-flat
distribution, having median likelihoods <0.01. Ruling out this
commonly observed distribution of separations provides
evidence that the structure in those separation distributions is
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real and is not the result of statistical uncertainty or histogram
binning. In particular, for the Class 0—(Class 0, Class I, Flat)
distribution, ruling out the log-flat distribution suggests that the
bimodal appearance may be real.

4.3.4. Comparison Field Solar-type Multiples

We next compared the observed separation distributions to
the distribution of separations for field solar-type stars
(Raghavan et al. 2010) using the KS test. We make use of
the observed separation distribution from 24 to 10*au from
Raghavan et al. (2010), sampling the same range of separations
for which we have detections. We show the distribution from
Raghavan et al. (2010) along with the observations of the
cumulative distribution for the full samples for Orion and
Perseus in Figure 14. While the field solar-type stars are a well-
characterized sample to compare with, it is important to
highlight that most of the protostars in the HOPS sample are
likely to become M-stars rather than F, G, or K-type stars that
make up the Raghavan et al. (2010) sample.

For Perseus alone, we can only reject the null hypothesis for
the Class 0—(Class 0, Class I, Flat) sample. Then, for Orion, the
null hypothesis is ruled out for all Classes except for the Flat—
Flat, Flat—(Class 0, Class I, Flat), and Class [-Class I samples.
Only the separation distributions for the more-evolved proto-
stars in Orion cannot be distinguished from the separation
distribution of field solar-type stars. The comparison of the
Raghavan et al. (2010) distribution to the combined Orion and
Perseus samples yields similar results to those for Orion alone.

4.4. Overall Multiplicity Statistics

We compute the MFs and CFs for the protostars in Orion,
Perseus, and their combined sample. The statistics are
examined for a variety of separation ranges to both illustrate
the size scale on which most multiples are found and evaluate
whether there are differences between classes for the different
separation ranges. The MFs and CFs for Orion, Perseus, and
their combined samples are provided in Tables 5 and 6 and will
contain information related to the formation mechanism(s) and
the evolutionary paths of multiplicity.

The Orion and Perseus samples on scales from 20au to
10* au have MFs of 0.30 & 0.03 and 0.38 -+ 0.07, respectively.
The respective CFs are then 0.44 4 0.03 and 0.57 £ 0.07. For
the separation range from 20 au to 10°au, the MFs drop to
0.17 +0.02 and 0.267)9%, and the CFs drop to 0.19 4 0.02 and
0.28 £ 0.06, respectively. This shows numerically that about
1/3 of the multiples in Orion and Perseus are found at 10° to
10* au separations. The CFs are nearly identical to the MFs on
20 au to 10% au scales because there are few triples and high-
order multiples detected on these smaller scales. The MFs and
CFs for the full samples of protostars in Orion and Perseus are
consistent within their uncertainties. The MFs and CFs
computed here for Perseus are lower than previously presented
in Tobin et al. (2016a). These differences are largest for the
MFs and CFs computed using the companion probabilities but
are still present even if the companion probabilities are not
taken into account (see Appendix A.5). Thus, the differences
result from both the companion probabilities and our new
method for associating multiples.

The typical architectures of the multiple systems are also
found in Tables 5 and 6, where the number of systems that
correspond to binaries, triples, quadruples, etc. is provided. For
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separations from 20 to 500 au and 20 to 1000 au, the most
common architecture is binaries, outnumbering triples by a
factor of ~20 for separations between 20 and 500 au, and a
factor of ~15 for separations between 20 and 1000 au. Binaries
are still the most common type of multiple system for
separations between 20 and 10* au, but the ratio of binaries
to higher-order systems is now only a factor of ~4. In fact,
some systems that were binaries at smaller separation ranges
are part of higher-order systems when larger separations are
considered. Systems higher order than triple are relatively
uncommon, and the number of triples found within the
separation, ranging between 20 and 10* au, is comparable to
the total number of all systems with 4 or more components.
However, in Orion, the total number of individual components
within quadruples or higher-order systems (44) is larger than
the number of individual components in triples (27).

We plot the MFs and CFs as a function of the protostellar
class® in Figure 15 for Orion and Perseus in three separation
ranges: 20 to 10% au, 20 to 10° au, and 20 to 500 au. On the 20
to 10% au range, the MFs and CFs for Class Os are system-
atically higher than those for Class Is and Flat Spectrum
protostars, similar to the results from previous studies (e.g.,
Chen et al. 2013; Tobin et al. 2016a). However, only the
differences in the CF approach statistical significance in the
separation range of 20 to 10* au: 2.7¢ for Class O's relative to
Class I and 2.80 for Class 0 s relative Class I and Flat Spectrum
protostars. Then the difference is 20 for Class 0 to Flat
Spectrum protostars, while the differences in the MFs and CFs
between other classes are not statistically significant. This tells
us that there are more higher-order companions to Class 0
protostars than more-evolved protostars when separations out
to 10*au are considered. Our observed CFs for Class 0's are
similar to those reported in Chen et al. (2013), but our MFs for
Class 0 protostars are ~30% lower than Chen et al. (2013). We
suspect that this is due to sample bias in Chen et al. (2013),
given that some of the archival data studied were previously
known to be multiple systems, and our larger samples are
balanced both by detection of new multiples and also
nonmultiples.

The MFs and CFs computed in the 20 to 10 au and 20 to
500 au ranges tell a somewhat different story. The overall MFs
and CFs for both Perseus and Orion decrease, in part because
continuum sources that are part of a multiple system at
separations out to 10% au are considered as independent, single
sources for the 500 and 10 au statistics. This increases the
number of singles counted overall and for each class, resulting
in a reduced MF and CF. Even if we did not count the singles
in this way, the MFs and CFs would still decrease due to fewer
multiples and higher-order multiples on these scales.

The overall trend in the MFs and CFs may show that
multiplicity decreases from Class O to Class I and then rises
from Class I to Flat Spectrum. However, this apparent trend is
not statistically robust with the data in hand given that neither
the MFs nor CFs have differences >30.

The differences in the CFs for Class 0 protostars with respect
to Class I and Flat Spectrum protostars result from there being
more companions at >1000 au toward Class O protostars than
the Class I and Flat Spectrum protostars. The separation
distributions of Class O protostars relative to Class I and Flat

2 For the purposes of these figures, we refer to the majority classification of
the system (Appendix B), but they will include companions of any class. Thus,
“Class 0s” refers to Class 0—(Class 0, Class I, Flat); see Section 4.2.
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Spectrum protostars also show large differences at >1000 au,
and some of the Class 0 separation distributions are statistically
inconsistent with the distributions of more-evolved classes; see
Section 4.3.2. These results imply that the principal change in
multiplicity with protostellar evolution primarily affects
companions with separations between 10 and 10* au because
the MFs and CFs are com}garable for Class 0 and Flat Spectrum
protostars in the 20 to 10” au and 20 to 500 au ranges.

The sizes of the Class I and Flat Spectrum samples in Orion
are similar; thus, there is no clear sample bias that would
produce a difference in the multiplicity statistics between Class
0 and more-evolved protostars. Flat Spectrum protostars are
drawn from a parameter space that overlaps Class I protostars
in terms of Tyo;. The Orion Flat spectrum protostars have Ty,
values that are more skewed toward larger values of Ty, than
typical Class I protostars (Paper I). Such a signature could not
be searched for in Perseus due to a lack of necessary mid-
infrared spectroscopy data from Spitzer toward the Perseus
protostars as compared to the Orion protostars.

We also examine the MFs and CFs for Orion and Perseus as
a combined sample as a function of protostellar class and
different ranges of separations in Figure 16. However, due to
the lack of distinction between Class I and Flat spectrum in
Perseus, the combined sample is only relevant for the full
sample, Class 0, and Class I + Flat Spectrum samples. For
Class I and Flat Spectrum, the combined statistics simply use
those from Orion. Using the data from Raghavan et al. (2010),
we calculate the field star MFs and CFs for system separations
of 20 to 10* au (0.28 £ 0.02 and 0.32 +£ 0.02, respectively), 20
to 10%au (0.224+0.02 and 0.23 £+0.02), and 20 to 500 au
(0.19 £0.02 and 0.20 £ 0.02).

The MFs and CFs for the Class 0 and Flat Spectrum
protostars for separations between 20 and 10°au and 20 to
500 au are consistent with the field solar-type stars. The Class I
protostars have MF and CF values below that of the field solar-
type stars within these two ranges of separations, but the
differences are <20 for the 20 to 500 au separation range and
are ~2.3¢ for the 20 to 1000 au separation range. The Class I +
Flat sample is also lower than that of the field stars but is
consistent within the 20 uncertainties. At separations from 20
to 10*au, only the Class 0 MF and CF disagree with those of
solar-type field stars; the MF, however, has differences <20,
but the CF difference is greater than 4.60. The higher-
multiplicity statistics of Class O protostars indicate both that
stars form with higher multiplicity and that this early multi-
plicity also tends to comprise higher-order systems. Based on
the comparison of the MFs, CFs, and separation distributions in
Section 4.3.3, the multiplicity properties of the more-evolved
protostars tend to be the most similar to the field solar-type
stars, and the Class O multiples tend to be the most dissimilar
from those of field stars. We do note, however, that it is
expected that most of the protostars studied in this work will
not become solar-type stars based on the expected initial mass
function.

4.5. Relationship between Multiplicity and YSO Density

Previous multiplicity studies have examined the relationship
between MF/CF and the local stellar density. In the Orion
Nebula Cluster (ONC), Reipurth et al. (2007) found a deficit of
companions within a separation range of 150 to 675 au relative
to T Tauri associations (Reipurth & Zinnecker 1993). However,
in a study of Class I and Flat Spectrum protostellar multiplicity
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Figure 15. Plots of multiplicity fraction (left) and companion fraction (right) for different ranges of separations and plotted as a function of protostellar class for Orion
and Perseus. The CFs on 20 to 10* au scales for Class 0 protostars differ by >20, but less than 30, with respect the other Classes.

in the Orion A and B molecular clouds, Kounkel et al. (2016)
found the opposite, in that protostars and pre-MS stars had
larger CFs from 100 to 10°au in regions with higher-YSO
density, where they adopted 45 pc™ 2 as the boundary between
low- and high-YSO density. It is important to point out that the
YSO densities examined here and in Kounkel et al. (2016) are
lower than those of the dense center of the ONC, where the
Reipurth et al. (2007) study was conducted. It is thought that
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dynamical stripping of wide companions in the dense center of
the ONC is responsible for the deficit.

We examined our Orion sample for differences in the
multiplicity statistics between regions of high- and low-YSO
density. YSO density is determined using YSO catalogs that
are constructed from infrared samples (Megeath et al. 2012;
Pokhrel et al. 2020) and completeness corrected using X-ray
catalogs where available (Megeath et al. 2016). We set our
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Figure 16. Same as Figure 15 but for the combined sample of Orion and Perseus. The MF and CF for solar-type field stars from Raghavan et al. (2010), calculated for
the same ranges of separations as the protostar data, are also included for comparison. The Class O protostars are inconsistent with field stars for separations of 20 to
10* au but are consistent for separations of 20 to 10® au and 20 to 500 au. The most-evolved protostars (Flat Spectrum) are consistent with the field at all ranges of

separations.

boundary between low and high density regions at a YSO
density of 30 pc ™~ such that there were comparable numbers of
protostars in the regions assigned as high- and low-YSO
densities. These MFs and CFs are listed in Table 7, and we
show them graphically for different ranges of separations in
Figure 17. There are apparent differences in the MFs and CFs
in the 20 to 10* au separation range. The differences in the CFs
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between high- and low-YSO density regions are 1.8¢ for Class
0, 30 for Class I, 40 for Class I with Flat Spectrum, and 1.9¢0
for Flat Spectrum on its own, while the differences in the MFs
are not statistically significant. The difference in the CFs is also
>30 when considering all classes together.

We now shift our focus to the smaller separation range
between 100 to 10° au in order to compare with Kounkel et al.
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Figure 17. MFs and CFs on different scales as a function of protostar class for protostars residing at high (=30 pc™2) and low (<30 pc~2) YSO surface density.
Regions with high-YSO density have systematically larger CFs, and the MFs are also larger for Class I and Flat Spectrum protostars. For 20 to 10* au separations, the
MF differences between high- and low-YSO density are all <2¢, while the CF differences are >30¢ for Class I and Class I + Flat Spectrum and ~1.8¢ for Class 0 and
Flat Spectrum protostars. Class O protostars have comparable MFs and CFs for 20 to 10% au and 100 to 10> au, indicating primordial similarity of the multiplicity
statistics in the Class O phase. The MFs and CFs are rising in the 20 to 10% au and 100 to 10® au ranges for the more-evolved protostars, which is interpreted as a sign
of companion migration; see Sections 4.5 and 5.3. However, the significance of the MF and CF differences are all <20 (see Sections 4.5 and 5.3).

(2016), although we also examine 20 to 10? au because our data
allow for smaller minimum separations. We find a tentative
difference between the CFs for high- and low-YSO density
regions for both the full sample and the combined Class I and
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Flat Spectrum sample. The Class I + Flat Spectrum sample has
a 1.90 difference in the CFs between high- and low-YSO
densities, while the difference in the CF for the Flat Spectrum
sample alone is 1.50. The MF differences are less significant (at
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most 1.60) because the MFs are smaller than the CFs in this
range of separations. If separations from 20 to 10°au are
instead considered, the differences are 1.40 and 1.8¢ for the
Class T + Flat Spectrum and Flat Spectrum samples,
respectively.

Finally, we note that only the Class O protostars do not
exhibit significant differences in their MFs and CFs in
separation ranges of 100 to 10° au, 20 to 500 au, or 20 to
10% au. Thus, the Class I and Flat Spectrum protostars are the
only ones whose multiplicity properties may be to be sensitive
to YSO density for the 100 to 10° au separation range.

5. Discussion

The combined results for Orion and Perseus demonstrate the
relative consistency for the same protostar classes. There are
some differences in the separation distributions and MFs/CFs
between protostar classes and with respect to high- and low-
YSO densities. Furthermore, while not analyzed as part of this
work, the MFs and CFs observed in Ophiuchus are found to be
comparable to Orion and Perseus (Encalada et al. 2021).
Characterization of the evolutionary classes in the Ophiuchus
sample remains challenging, however (McClure et al. 2010);
and there are substantially fewer Class 0 protostars compared to
Orion and Perseus. Nevertheless, the consistency of multi-
plicity properties measured in different regions hints at
common physical processes at work to give rise to the
observed multiplicity, and the statistics afforded by these
surveys enable further constraints on the evolution of multi-
plicity within the protostellar phase and the role multiplicity
might play in protostellar evolution.

5.1. Formation Mechanisms of Multiple Systems

We detect multiple protostar systems with separations from
10 s to 1000 s of au (Figures 9-12), encompassing the range of
physical scales where the disk (~10s to 100s of au) and
infalling envelope (1000s of au) are the dominant physical
structures. The most favored mechanisms for multiple star
formation are disk fragmentation from GI, operating on
<500 au scales, and turbulent fragmentation operating on
100 s of au scales and larger. Although turbulent fragmentation
occurs on relatively larger scales, companions formed from this
process can migrate from >10? au to less than 100 au in a few
100 kyr (Offner et al. 2010; Lee et al. 2019), and there is also
evidence for smaller scale turbulent fragmentation in some
numerical simulations (Bate 2012). Thus, it is possible that
both mechanisms produce companions with separations
<500 au, while a single mechanism populates 2500 au.
Dynamical interactions within higher-order multiples can also
contribute to substantial evolution of system separations
(Kroupa 1995; Bate et al. 2002; Sadavoy & Stahler 2017;
Cournoyer-Cloutier et al. 2021), either via the ejection of one
component or longer timescale secular mechanisms such as
Kozai-Lidov oscillations (Fabrycky & Tremaine 2007;
Reipurth & Mikkola 2012), though this is likely a smaller
contribution (Moe & Kratter 2018).

For the turbulent fragmentation and disk fragmentation
mechanisms to operate, certain physical conditions are
required. The main ingredients for turbulent fragmentation
are dense gas and a turbulent velocity spectrum. The turbulence
will create local regions of higher density, which can collapse
to form stars if a region becomes becomes gravitationally
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bound and collapses. Simulations can produce this type of
fragmentation in a variety of conditions with driven or
decaying turbulence and in the presence or absence of magnetic
fields (Offner et al. 2010; Bate 2012; Li et al. 2018; Lee et al.
2019).

The fragmentation of disks to form companion stars broadly
requires the presence of massive disks during the star formation
process. The typical criterion used to describe disk stability is
the Toomre Q parameter:

L

TGX

where ¢, is the sound speed of the gas, €2 is the angular velocity
set by Keplerian rotation, G is the gravitation constant, and > is
the gas surface density of the disk. Values of Q near or below 1
have strong enough self-gravity relative to the sound speed and
rotational shear that can lead to the formation of fragments in
the disk as well as spiral arm formation (e.g., Kratter &
Lodato 2016). Also, Q is a function of the radius, so portions of
the disk can be unstable while other portions remain stable.
Fragmentation will thus generally be most feasible in the outer
disk where rotation is slower and the gas is cooler, so long as
the surface density is not too low.

While turbulent fragmentation can produce multiples that are
ultimately found on both large and small spatial scales, it is
unclear whether this mechanism can create enough multiples
that migrate to <500 au separations to reproduce the observa-
tions. Recent simulations by Lee et al. (2019) examined the
formation of multiple systems from turbulent fragmentation
and their subsequent evolution. The simulations did not have
the resolution to resolve fragmentation within disks, but could
track sink particle migration down to 10 s of au scales. Thus,
these simulations provide an estimate for the fraction of
companions at <500au separations formed via turbulent
fragmentation with migration. Our observations for the
combined Orion and Perseus samples find that the observed
fraction of companions are ~2-3 times larger on <500 au
scales (depending on whether the full sample or only Class 0's
are compared) than the fractions found in the simulations by
Lee et al. (2019); see their Figure 20 versus our Figure 12.
Furthermore, studies by Cournoyer-Cloutier et al. (2021) with
different models indicate that companions formed through a
dynamical capture in a forming cluster typically have
separations >10” au. This provides some evidence that at least
half of the companions found on scales <500 au are likely to
have formed via disk fragmentation. This agrees with ~66% of
close multiples in Perseus that were consistent with having
formed via disk fragmentation based on their observed disk/
envelope rotation on <500 au scales (Tobin et al. 2018).

While this comparison seems to suggest that disk fragmenta-
tion is important to forming multiples at <500 au, a simple
characterization of GI for the disks in Orion in Paper I did not
indicate a large number of Class O or Class I disks near the
instability limit. Also, the average disk radius for Class 0 and I
protostars in Orion is ~40 au, rather than ~100 au. This could
pose a challenge to populate the <500 au multiples from disk
fragmentation, unless gas masses were underestimated (which
is certainly possible). Also, fragmentation can happen very
quickly, on an orbital timescale (~10° yr for M, = 1.0 M, at
100 au). Therefore, the close multiples we observe could be the
results of the disks that already fragmented, and the disks may
not remain in a near-unstable state for long enough time to

(6)
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red spiral), but in its vicinity, another protostar formed between 100 and 1000 au and three more between 1000 and 10,000 au. As an example, the three nearest
protostars at >100 au have net inward velocities, while the outermost star (red) has an outward net velocity. By the Class I phase, after ~160 kyr, the inner binary
(black stars) has become closer, and the protostar that was originally between 100 and 1000 au is now at <100 au. Then, two of the widely separated protostars have
begun to migrate inward, but are still at >10 au, and one protostar (red) has moved to >10* au and is no longer considered a companion. This scenario could explain
the slight drop in MF and CF between 100 and 10? au for Class Is. Finally, by the Flat Spectrum phase, after ~300 kyr, the initial inner binary shrunk to <30 au and is
no longer resolved, but a companion that was previously between 100 and 10° au is now orbiting the close binary. Then the two protostars that were initially >10* au
(but were migrating inward) are now located between 100 and 10* au. Thus, this could explain the rise in MF and CF for Flat Spectrum protostars that are expected to

be among the most evolved in our sample.

enable many of them to be discovered. For example, we did not
detect obvious analogs to the fragmenting triple system 1.1448
IRS3B in Perseus (Tobin et al. 2016b; Reynolds et al. 2021)
within Orion, and spatial resolution was too low to detect
analogues to [BHB2007] 11 (Alves et al. 2019). We do note,
however, that the instability calculations presented in Paper I
made many simplifying assumptions to arrive at a disk-
averaged limit, so those values should not be considered
absolute.

As we discussed previously, contamination by chance
alignments at large separations can artificially inflate the
number of wide companions. This effect increases the apparent
importance of turbulent fragmentation. Despite our attempts to
mitigate the contribution of likely false associations (see light
gray bars versus dark gray bars in Figure 12), some
contamination may still be present at large separations. The
simulations from Lee et al. (2019) also characterize the number
of true multiples versus the number of line-of-sight associa-
tions. They found that on scales 2103 au at least 50% of
companions could be line-of-sight associations. Lee et al.
(2019) note, however, that this result is partially due to a
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filamentary cloud that is oriented along one of the Cartesian
axes, resulting in a large number of false associations, so 50%
could be a worst case scenario. Furthermore, the numerical
simulations did not have accompanying synthetic observations,
but rather analyzed sink particle positions. Our observations
here use the dusty circumstellar disks as signposts of multi-
plicity, which will not detect companions with 100%
efficiency, as demonstrated in Section 3.6. Therefore, we
expect that the simulations (when observational bias is not
applied) will include more companions than the observations
detect. Consistent with this expectation, the histogram of
separations from the Perseus protostars appears to agree well
qualitatively with the Lee et al. distribution of true companions
(see their Figure 20 on scales from ~300 au to ~3000au). Our
estimates of contamination do not exceed ~30% until
separations 23000 au (see Figures 9—12), and that contamina-
tion is not significant on scales <3000au. This result is largely
consistent with turbulent fragmentation simulations at these
separations. Also, the use of dust continuum and free—free
continuum as a probe of multiplicity implicitly creates a
selection bias that may reduce our susceptibility to
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contamination by effectively requiring that protostars have a
certain amount of circumstellar dust (or jet emission) to be
detectable.

In summary, existing simulations of multiplicity originating
from turbulent fragmentation alone do not produce sufficient
numbers of companions at separations <500 au to explain the
observations. Thus, we suggest that disk fragmentation is
responsible for ~50% of multiple systems with separations
<500 au. Beyond 500 au separations, simulations of turbulent
fragmentation are able to reproduce the observations. There-
fore, we expect that the observed separation-distributions result
from both disk fragmentation and turbulent fragmentation, and
disk fragmentation is expected to be most likely in the Class 0
phase when the disks have the most mass (Tobin et al. 2020).

5.2. Future Evolution of the Companions

The view of multiplicity obtained toward the protostars in
our sample is a single snapshot in the evolution of these
systems, and the separations of the observed systems will
continue to evolve during protostellar evolution and beyond.
Here we discuss the evolution that we expect to occur in the
context of our observational knowledge of multiplicity in later
stages of the star formation process and field stars.

5.2.1. Evolution within the Protostellar Phase

While our observed multiplicity properties may not have
significant contamination from unrelated protostars at scales
<3000 au, our observed distribution of separations for all
protostar classes does not imply that all of these associated
protostars are going to remain bound systems and/or at their
current separations. The functional form of the separation
distribution of field solar-type stars from Raghavan et al.
(2010) is overlaid on the separation distributions in Figures 9—
12 (also see Figure 14). The histograms of separations are quite
inconsistent with the field solar-type stars on scales 2107 au,
and we can rule out that they are drawn from the same parent
distribution for most protostar classes, except the most-evolved
subsamples; see Section 4.3.4.

Thus, either a large number of the current protostellar
companions between 10° to 10*au must migrate to smaller
separations or they must become unbound. It is also important
to point out that most protostars observed in this study will
become M-stars rather than solar-type stars, and main-sequence
Mb-stars (M~0.3 M) have a separation distribution that is even
more skewed to smaller separations. Solar-type stars have a
mean separation of 50 au (Raghavan et al. 2010), while M-stars
have a mean separation of ~20au (Winters et al. 2019).
Therefore, it is likely that most of the systems that we study
here—and remain multiples into the main sequence—will
ultimately have a mean separation of ~20 au.

It is noteworthy that the study by Lee et al. (2019) found a
similar fraction of companions from ~500 to 3000 au as our
observations in Perseus, in addition to Orion. However, the
companions studied in Lee et al. (2019) were indeed bound
when only considering the sink particle mass and did not need
to consider the surrounding gas mass potential. Thus,
companions must either continue to evolve to smaller
separations, becoming unbound through >3-body interactions,
or have formed with unbound relative velocities. Lee et al.
(2019) noted that only when the gas mass is comparable to or
exceeding the sink mass was the boundedness affected by the
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surrounding gas potential. Class O protostars tend to have a
larger number of companions separated by greater than 10° au
(Figures 12 and 16), and these systems are the most likely to
have an envelope mass greater than the stellar mass. We,
therefore, argue that in order for the separation distributions of
Class 0 protostars to evolve toward the field solar-type
distribution (Class I and Flat Spectrum as well), under the
assumption that most companions from 500 to 3000 au are
bound, two processes must be at work. First, protostellar
multiples with current separations greater than 10° au may have
companions that are lost due to either being unbound or
becoming dynamically unbound due to loss of gas mass by
outflow expulsion or interactions (e.g., Offner & Arce 2014;
Sadavoy & Stahler 2017). Second, many of those that do not
become unbound must migrate to smaller separations. Some
may migrate from >10%au to ~100s of au, while those that
may have formed at ~100au can migrate to <30au. The
migration to <30au is necessary to dilute the peak in
separations at ~100 au observed for Class 0 protostars and
produce the larger number of multiples found toward main-
sequence stars at separations <50 au. The statistical signifi-
cance in the difference of the separation distributions for Class
0 protostars with respect to the more-evolved Flat Spectrum
protostars is further evidence that separations evolve with
protostellar evolution (Figures 9 and 10 from Section 4.3.2).
This will be discussed further in the following sections.

At present, it is unclear how quickly protostellar separations
can evolve to <30 au given that our spatial resolution is limited
to ~20au in Perseus and Orion. Companions with sub-au
separation likely exist by the Class I phase from radial velocity
observations of embedded sources (Viana Almeida et al. 2012)
and of some exotic phenomena like pulsed accretion
(Muzerolle et al. 2013), but statistics are clearly lacking.
ALMA can probe scales <10 au at the distances to nearby star-
forming regions, but such observations are only available for a
handful of protostars.

Even with better spatial resolution, there are a number of
complicating issues that may cause incompleteness in the
multiplicity characterization at <30au scales when using
observations of dust continuum. As companions with smaller
separations are examined, the amount of dust mass that can
reside in circumstellar disks decreases, rendering them less
detectable due to disk truncation (Artymowicz & Lubow 1994).
Also, even if a small circumstellar disk has a high surface
density, dust opacity will limit the emergent flux density,
depending on wavelength. This could cause some circumstellar
disks to blend with their circumbinary disks; that could be the
case of HOPS-361-C and HOPS-288 (Figure 3). Thus,
centimeter wavelengths remain important given than they can
pierce through highly obscuring dust, and free—free emission at
these wavelengths can provide another signpost of multiplicity
that will be useful toward smaller separations.

5.2.2. Evolution beyond the Protostellar Phase

The results from this study as a whole, and the Class 0
protostars in particular, establish the starting point for multi-
plicity evolution as a bimodal distribution of separations. This
distribution of separations for Class O protostars is inconsistent
with solar-type field stars and more-evolved Flat Spectrum
protostars. However, it is not possible to rule out that Flat
spectrum protostars are drawn from the same parent distribu-
tion as field stars, affirming that the log-normal fit to the
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Raghavan et al. (2010) sample appears similar to the most-
evolved protostar samples. Furthermore, the MFs and CFs for
the most-evolved protostars on all scales are consistent with
those of the field stars, while the CF of Class O s is inconsistent
by >30 (Figure 16).

Observational evidence from our survey alone therefore
indicates that an initially bimodal distribution of separations
can evolve toward the observed field distribution. Moreover,
models that include prescriptions for turbulent fragmentation,
disk fragmentation, gas-driven migration, and dynamical
upheaval can reproduce the observed separation distribution
of field multiples, when assuming an initially bimodal
distribution of protostellar companions (Moe & Kratter 2018;
Tokovinin & Moe 2020). Given that the most-evolved
protostars cannot be statistically distinguished from the field
separation distribution, the question arises as to whether most
of the multiplicity evolution occurs during the protostellar
phase. If true, this implies that the presence of circum-multiple
material is the primary driver of multiplicity evolution, and
once the gas is accreted or expelled, rapid reorganization is no
longer possible and must occur via n-body interactions.

Thus, more-evolved Class II and III YSOs represent the
obvious population to study in order to answer the aforemen-
tioned question. For separations <10 au, Class II and Class III
YSOs are consistent with the field star multiplicity (Kounkel
et al. 2019). Such close systems cannot typically be detected
toward protostars, aside from a few special cases (e.g., Ortiz-
Leén et al. 2017; Maureira et al. 2020). For separations
between ~100au to 1000 au, the MFs/CFs and separation
distributions of most YSO populations agree well with the field
(aside from Taurus-Auriga; Reipurth et al. 2007; Kraus et al.
2011; King et al. 2012; Duchéne et al. 2018), and the MFs/CFs
of protostars in our sample are also in good agreement for this
range.

On the other hand, the MF and CF in the separation range of
~10-60 au for YSOs in Orion can exceed those of the field
by a factor of ~2 (CF=0.218 %), with 1.70 to 2.7¢
significance relative to field solar-type stars and M-type stars,
respectively (Duchéne et al. 2018). We note, however, that De
Furio et al. (2019) did not confirm this result for M-stars in
Orion. The separation distributions of YSOs in different star-
forming regions sampled from 19 to 100 au may also not be
statistically consistent with each other or the field (King et al.
2012). This range of separations is unique because systems
with such separations will not be dynamically altered once the
disk(s) has dissipated in all but the highest density cluster
environments. Tables 3 and 4 show that there are only 13
multiples (10 Orion, three Perseus) with separations between
10 and 60au (MF/CF=0.027 £0.01) and 34 (25 Orion,
nine Perseus) companions from 10 to 100au (MF/CF=
0.07 £ 0.01). Thus, from 10 to 60 au, our observations are
statistically inconsistent with those of Duchéne et al. (2018) at
>3 significance, then compared to King et al. (2012) we are at
most 20 different from the regions with the highest CFs. We
did not compare separation distributions given the small
number of separations for the protostar samples.

Taken at face value, the discrepancy between our survey and
that of Duchéne et al. (2018) is quite large and could imply that
more companions must migrate inward to 10 to 60au
separations following the Flat Spectrum phase. However, there
are no extremely large excesses of companions in the
separation distributions (Figures 9—11) for Class 1 and Flat
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spectrum protostars except beyond 3000 au, and the migration
timescales will likely not align with the evolution timescale
from Flat Spectrum to Class II.

We instead argue that incompleteness in our survey between
10 and 60 au enhances the disagreement. Our raw angular
resolution limit is ~20-30au, and to reach the highest
resolutions, the noise is increased, and the emission from
companions must be bright enough to be detected. Thus,
millimeter /centimeter measurements of multiplicity also likely
suffer from a bias analogous to the Branch bias (Branch 1976)
known in visible-light studies where stellar twins are easier to
detect and more complete than systems with fainter compa-
nions. But, unlike visible-light studies, we cannot easily correct
our data for this bias, because there is no expected distribution
of companion flux densities.

Also, at our observed resolution, many sources are margin-
ally-resolved (Paper I), due to the dust emission probing their
circumstellar disks, which will further reduce sensitivity to
close companions. This is in addition to other mitigating factors
discussed in Sections 3 and 5.1 that could limit our ability to
detect companions at millimeter/centimeter wavelengths due to
the dust opacity and the contrast of circumstellar emission to
optically thick circumbinary emission. Further investigation is
therefore required to determine if there is truly an inconsistency
between our protostellar sample and more-evolved YSOs in the
separation range 10 to 100 au.

5.3. Multiplicity Variation with YSO Density: A Sign of
Migration?

The observed differences in the separation distributions,
MFs, and CFs as a function of protostellar class, suggest that
the number of (detectable) multiples and shape of the
separation distributions evolve over time (Figures 9-12, 15,
and 16). This implies that there may be more direct evidence
for how and when companion migration occurs in our sample
statistics. We specifically focus on the 100 to 10* au separation
range. This is the range of separations that must be traversed if
companions formed at >10° au separations migrate inward to
further populate separations <100 au.

We then further examine the MFs and CFs as a function of
protostellar class separately for regions of high- and low-YSO
density (Figure 17). Within the 100 to 10* au separation range,
there are higher MFs and CFs in Orion for the combined Class I
+ Flat Spectrum sample and the Flat Spectrum sample alone in
regions of high-YSO density versus low-YSO density;
however, we note that the significance the CF differences are
only 1.9¢ and 1.50, respectively, and the MF differences are at
most 1.60. Then Class 0 s exhibit comparable MFs and CFs at
both high- and low-YSO densities for the same separation
range. This finding for Class I and Flat Spectrum protostars is
consistent with a previous near-infrared study in Orion by
Kounkel et al. (2016). The difference between Class I and Flat
Spectrum MFs and CFs in regions of high- versus low-YSO
density, while the Class O s statistics remain similar, may be a
sign of migration.

The fact that the MFs or CFs for the Class 0 samples at high-
and low-YSO densities are consistent in the separation ranges
from 20 to 500 au, 20 to 103 au, and 100 to 10> au implies that
the observed companions in these ranges are mostly primordial
(Figure 17), meaning that they most likely formed near where
we currently observe them. However, on 20 to 10% au scales,
the CF of Class O protostars is >2x higher at high-YSO
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densities than at low-YSO densities, with a 1.8¢ difference.
This leads us to suggest that Class O protostars have a reservoir
of young, higher-order companions that could migrate to
smaller separations through the 100 to 10 au separation range
at later times, particularly in the regions of high-YSO density.

We suggest that the overall larger number of wide
companions in high-YSO density regions for Class 0 protostars
results in larger MFs/CFs in the 100 to 10% au separation range
for Class I and Flat Spectrum protostars at high- versus low-
YSO density. This is only true for more-evolved protostars
because of the time lag between formation and migration to
smaller separations. We provide a sketch of our proposed
scenario in Figure 18. Thus, if our interpretation is correct, we
can constrain the typical migration timescale to be longer than
the Class 0 lifetime, but shorter than the lifetime of Class I and
Flat Spectrum protostars. The Class 0 phase is only expected to
last ~160 kyr (Dunham et al. 2014, pp. 195-218) but it could
be shorter (Kristensen & Dunham 2018). Class I and Flat
Spectrum protostars, on the other hand, are expected to be at
least ~100 to 300 kyr older than Class O protostars (Dunham
et al. 2014, pp. 195-218; Kristensen & Dunham 2018),
allowing a longer timescale for migration to take place.
Therefore, a typical timescale for migration from >10° au to
<107 au is between ~0.2 and 0.5 Myr. This proposed timescale
based on the evolutionary classes is consistent with the
migration timescale from >10%au separation to <100 au
predicted in numerical simulations by Offner et al. (2010),
when magnetic fields were not included, and consistent to Lee
et al. (2019) when magnetic fields were included. Both indicate
that there would be too little time for significant migration from
>10’ au during the Class 0 phase.

Finally, prior observations suggest that companions are also
migrating to separations smaller than 20 au (separations below
our resolution limit) during this timeframe (see Figure 18;
Muzerolle et al. 2013; Moe & Kratter 2018; Kounkel et al.
2019). However, our results indicate that companions with
separations between 100 to 10%au are replenished via
migration faster than they are depleted by migration to
separations <20 au. We do not expect significant formation
of companions in situ for Class I and Flat Spectrum protostars
because their envelopes are significantly reduced in mass and
density (Furlan et al. 2016), and their disks are systematically
lower in mass, making disk fragmentation at the Class I and
Flat Spectrum stage unlikely (Paper I). Thus, inward migration
from initial separations >10> au is a likely explanation for the
increased MFs/CFs from 100 to 10 au for Class I and Flat
Spectrum protostars. This inward migration from >10%au is
primarily caused by dynamical friction with the gas surround-
ing the protostars (Lee et al. 2019). It is possible that close
dynamical interactions may produce ejections from small
separations to larger separations, but the small number of
triples with separations <500au makes this mechanism
unlikely. Capture during dispersal of small clusters is also
possible (Moeckel & Clarke 2011; Cournoyer-Cloutier et al.
2021), but this mechanism is relatively inefficient, not likely to
produce the increases in MF and CF observed in the Class I and
Flat Spectrum protostars, and does not produce the separation
distributions we observe. Finally, our previous analysis
suggests the likelihood of contamination by nonphysically-
associated sources in the 100 to 10* au separation range is low,
providing further evidence in favor of this interpretation.
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Consequently, the increase in the MF and CF between 100
and 10° au for the Class I+Flat Spectrum sample (and the full
sample) for protostars, found in regions of high-YSO density
versus low-YSO density, points to the fragmentation properties
of the molecular cloud indirectly playing a role in setting the
MF and CF on this spatial scale in particular. This is because
regions of higher-YSO density have a strong correlation with
higher gas surface density (Gutermuth et al. 2011; Pokhrel et al.
2020). Then, turbulent fragmentation of this dense gas likely
plays a role in creating YSOs that have initially wide
separations (>10° au). This means that, in regions of high-
YSO density, there will be more companions with wide
separations with respect to regions with low-YSO density. The
regions with lower-YSO density can be assumed to have had
less dense gas, making those regions less susceptible to the
formation of companions with initial separations >10° au (e.g.,
Padoan & Nordlund 2002; Bate 2012; Offner et al. 2016;
Krumholz et al. 2016). Thus, there will then be a smaller
population of >10° au companions initially that would be able
to migrate to the smaller orbits in regions of low-YSO density.

To summarize, Class O protostars in regions of high- and
low-YSO density have similar multiplicity fractions, indicating
that companions on scales less than 10° au tend to form with
the same frequency. There is little time for migration during the
Class 0 phase, so the MFs and CFs are comparable in regions
of high- and low-YSO density for separations <10°au.
However, the Class 0 CF from 20 to 10*au at high-YSO
densities is >2x (and 1.8¢) larger than at low-YSO densities
(Figure 17). Then, the larger MFs and CFs for Class I and Flat
Spectrum protostars for regions of high- versus low-YSO
density (and the lack of variation for Class 0 MFs/CFs) suggest
that the differences may arise during evolution (Figure 18).
Furthermore, the regions of high-YSO density are more likely
to form more higher-order systems with >10°au initial
separations than the low-YSO density regions, and the time it
takes for these protostars to migrate to the 100 to 10°au
separation range is comparable to the expected age of
protostars in the Class I and Flat Spectrum sample. Thus, the
increase in MFs and CFs of Class I 4 Flat Spectrum protostars
and Flat Spectrum Protostars alone at high- versus low-YSO
densities could be evidence that migration is occurring and
populating the range of intermediate separations. We caution,
however, that the CFs of these samples for high- and low-YSO
density regions only differ by 1.9¢ and 1.50, while the MFs
differ by ~1c to 1.60. Thus, while the proposed scenario is
plausible, better statistics are required to reach higher-statistical
confidence. Better statistics would likely require combining
multiple star-forming regions, since the sample of Orion
protostars is highly complete.

5.4. Multiplicity of Class I and Flat Spectrum Protostars and
Impact on Class Lifetime

Throughout this paper, we have discussed the multiplicity
statistics of the different protostellar evolutionary classes, but
we have not discussed whether multiplicity affects protostellar
evolution between classes. We highlighted, in Section 4.4, that
Flat Spectrum protostars are more often found in binary or
multiple systems than Class I protostars. The MFs and CFs of
Orion Flat Spectrum protostars are all larger than those of Class
Is at all ranges of separations. However, we do note that the
differences are generally only lo—-1.50, so the trend is not
statistically robust. The more-evolved Flat Spectrum protostars
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are not significantly different from the Class I protostars in
terms of luminosity or 0.87 mm flux density (though they are
slightly fainter systematically; Paper I). The classification of
Perseus protostars does not distinguish between Class I and
Flat Spectrum protostars (Enoch et al. 2009), so it is unclear
whether the difference exists there as well, but the numbers are
smaller in Perseus, so differences will be more uncertain.

Given the estimated total lifetime of the protostellar phase
(~1Myr; all class lifetimes combined), we do not expect that
star formation conditions change significantly over this short
time span in a way that could affect the number of multiples
formed for Class I (younger) relative to Flat Spectrum (older).
Therefore, we instead suggest that multiple star formation
within a core itself and/or the likely migration of companions
(Figure 18) could speed up the transition between classes,
resulting in a later evolutionary class having more multiples
than the earlier classes. This could happen in a few ways, some
of which would happen separately, and some could be
happening simultaneously, compounding the effect. First,
outflows from two protostars within a dense core will be able
to entrain and expel the dense gas faster. Second, consider a
protostar formed via turbulent fragmentation that migrates
closer to a companion. If the two protostars have misaligned
outflows (e.g., Yildiz et al. 2012; Offner et al. 2016; Lee et al.
2016; Tobin et al. 2018), the outflows can more efficiently clear
envelope gas as their separation contracts. Furthermore, the
interaction of companions migrating in this way may cause the
outflows to change direction over time leading to even more
rapid clearing of envelope material than two misaligned
outflows whose directions are not changing. Third, protostars
separated by a few x 100 au (whether formed there or migrated
to that location) will accrete from a larger volume of the
envelope, reducing the central envelope density more quickly
than a single protostar. These protostars can also have
misaligned outflows, even if they both formed near those
locations originally. Indeed, the systematically higher lumin-
osities for multiples (Figure 8) are evidence that accretion may
be more rapid in multiple systems.

All these scenarios will impact the evolution of the gas
distribution in the inner envelope, thereby reducing the material
responsible for emission between ~10 and ~160 ym (from
reprocessed shorter wavelength radiation from the protostar and
accretion). SED modeling of all the HOPS protostars found that
Flat Spectrum protostars have lower-envelope densities than
Class Is. Thus, the SED slope from the near-infrared to the mid-
infrared of multiple protostar systems could be intrinsically
more shallow. This may be true whether the components of the
multiple systems are coeval or not (Murillo et al. 2016). We
conclude by suggesting that multiplicity and the reorganization
of multiple systems that likely follow the Class 0 phase cause
the protostar system to more rapidly evolve through the Class I
phase to become a Flat Spectrum protostar.

In addition to the impact the multiples have on the envelope,
they will impact the disks as well. Harris et al. (2012) found
that disks toward Taurus multiples are detected less frequently
than toward single stars. Then, Akeson et al. (2019) find that
binary Class II systems follow a similar dust disk mass to
stellar mass relationship as single Class II systems, but this
relationship is shifted to lower-disk masses. Furthermore, the
disk radii in close binaries are also found to be tidally truncated
(Manara et al. 2019), consistent with theoretical predictions
(e.g., Artymowicz & Lubow 1994). These findings indicate that
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the presence of a companion will likely increase the rate of disk
dispersal. Such a mechanism may explain the lack of detection
by ALMA toward a small number of Class I and Flat Spectrum
multiples that are detected by HST (see Section 3.6).

5.5. Coevality of Multiples

In this section, we examine the coevality of multiple systems
in Orion by considering systems composed of different
protostellar classes. It is important to stress, however, that
while class is used as a proxy for age, the absolute ages of
protostar systems are unknown. Murillo et al. (2016) examined
the coevality of multiples in Perseus, finding that 33% of
multiple systems are likely non-coeval, as measured by the
fraction of systems with mixed evolutionary classes. A
limitation to this analysis, however, is that independent class
identifications for individual members can only be made for
multiples with separations >10> au, and companions <10> au
are assumed to be in the same class.

To estimate the number of systems with a non-coeval
member, we count the relative number of multiple systems that
contain members with different evolutionary classes and those
that contain members of the same class (see Table 5). Of the
multiple systems identified, 42% of Class 0 multiple systems
have a non-coeval member compared to 22% of Class I
systems, and just 4% of Flat Spectrum systems have a non-
coeval member. In total, the number of systems with a non-
coveal member is 25%, which is comparable to results from
Perseus.

One interesting point is that the majority of non-coeval
systems are Class O systems. This implies that non-coeval
systems are frequently associated with the most recent epoch of
protostar formation, and hence, the presence of dense gas.
However, the estimated lifetimes of the Class 0, I, and Flat
Spectrum phases are ~0.15, 0.35, 0.4 Myr (Dunham et al.
2014, pp. 195-218), so the estimated age difference between
Class 0 and Flat Spectrum systems is not large. In Sections 5.1
and 5.2, we discussed how turbulent fragmentation most likely
forms widely separated systems, which migrate to different
separations over time. Furthermore, the freefall time of gas with
a typical dense core density of ~10°°cm™ (Bergin &
Tafalla 2007) is ~0.05-0.15 Myr. Thus, it is plausible for star
formation to occur with asynchronicity over the size scale of a
star-forming core due to turbulent fragmentation, which can
lead to the appearance of non-coeval systems.

The apparent lack of non-coeval members within systems
dominated by Flat Spectrum protostars can be understood in a
couple ways. First, star formation in regions dominated by Flat
Spectrum protostars may have largely finished. In addition, the
Flat Spectrum lifetime is expected to be longer than the Class 0
lifetime, so the evolution of one member could catch up with
the evolutionary state of other members. Another possibility is
that Flat Spectrum protostars have more time to migrate away
from their birth sites and are more likely to leave a particular
system (e.g., Figure 18), potentially leaving systems with less
Flat Spectrum members. Thus, the various outcomes of
turbulent fragmentation can naturally explain both the forma-
tion of and the prevalence of apparent non-coeval systems in
those dominated by Class O protostars, as well as the lack of
non-coeval Flat Spectrum systems.

Overall, taking the class assignments of protostars at face
value, our data also seem to support the idea of non-coeval
formation of companions. However, a combination of effects
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like gas configuration, envelope asymmetry, efficiency of gas
removal by outflows, and relative inclinations /orientations can
lead to systems appearing non-coeval, even when they are
indeed coeval. Furthermore, accepting that some systems are
indeed non-coeval, the absolute age differences that correspond
of these systems are small compared to the expected lifetimes
of the stars. So whether a multiple system was coeval or not
(having the same evolutionary class at the observed time, by
our definition) is not likely to affect stellar evolution.
Moreover, such small age differences, like the difference in
expected ages between Class 0 and Flat Spectrum protostars
(~0.35 Myr), will not impact later diagnostics of pre-main-
sequence age, like Lithium abundances and the differences in
location on pre-main-sequence evolutionary tracks will not be
significant.

6. Conclusions

We have conducted a multiplicity analysis of protostars in
the Orion A and B molecular clouds using data taken with
ALMA (0.87 mm) and the VLA (9 mm) toward 328 protostars
that have been classified with both Spitzer and Herschel. We
have also reanalyzed previously obtained data from the Perseus
molecular cloud (Tobin et al. 2016a) to enable a consistent
comparison of these data and Orion. Our main results are as
follows:

1. We have characterized the MFs and CFs for Orion,
Perseus, and the two samples combined; we also
subdivide the MFs and CFs by separation and protostellar
class. Using the full range of separations (20 to 10* au),
the MFs of Orion and Perseus are 0.30£0.03 and
0.38 £ 0.07, respectively, and the CFs are 0.44 4 0.03
and 0.57 & 0.07, respectively. The combined MF and CF
within the same separation range are 0.32 £ 0.02 and
0.46 + 0.03, respectively.

2. We find that MFs and CFs for 20 to 10*au separations
decrease from Class O to Class I, and Flat Spectrum
protostars are consistent with Class 1. However, at
separations less than 10°au, Flat Spectrum protostars
can have higher MFs and CFs relative to Class Is in Orion
as a whole and in each subregion of Orion, but the
differences are only at the lo to 1.50 level. If the
difference is real, this could be evidence that multiplicity
speeds up evolution through Class I to Flat Spectrum.

3. We characterize the separation distributions for Orion and
Perseus, both as a whole and divided by protostellar class.
The overall and Class O samples appear bimodal with
peaks near ~100au and ~3000au. This bimodal
appearance is driven by the Class 0 sample, since the
Class I and Flat Spectrum samples do not appear bimodal
on their own. Thus, Class 0 protostars have the most
comganions between 20 and 500 au separations and at
>10" au. A statistical comparison between the Orion and
Perseus separation distributions does not reveal any
statistically significant differences between the two
regions.

4. Statistical evidence shows that the separation distribu-
tions for Orion Class Os and Orion Class Is [Class 0-
(Class 0, Class I, Flat) and Class I-(Class 0, Class I, Flat)]
are inconsistent with being drawn from a log-flat
distribution of separations. Class 0 protostars [Class 0—
Class 0 and Class 0—(Class 0, Class I, Flat)] are also
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statistically inconsistent with the separation distribution
for field solar-type stars. This indicates that the bimodal
separation distribution apparent in histograms may be
robust and that significant evolution of these separation
distributions is required to produce the field separation
distributions for solar-type and M-type stars from the
Class 0 separation distributions. The separation distribu-
tions for Flat Spectrum protostars, however, are statisti-
cally consistent with the separation distribution of field
solar-type stars.

. We find that protostars with higher-surrounding-YSO

densities have correspondingly higher MFs/CFs, in
agreement with previous results from Kounkel et al.
(2016). We find that the MF and CF for Class 0 protostars
on 20 to 10* au separations are higher, relative to Class I
and Flat Spectrum protostars at both high- and low-YSO
densities. This is due the larger frequency of higher-order
multiples present in Class O protostars. However, the MF
differences are only at the lo level, while the CF
differences are at the 1.50 to 1.90 level. Some of these
companions at >10> au are expected to migrate through
the 100 to 10° au range and contribute to the elevated
MFs (~10 differences) and CFs (1.50-1.9¢ differences)
observed toward the Class I + Flat spectrum protostars
and Flat Spectrum protostars alone on these scales in
regions with high-YSO densities. Also, the MFs and CFs
for Class O protostars showed no differences between
high- and low-YSO densities for the separation ranges of
20 to 500au, 20 to 10°au, and 100 to 10%au. We,
therefore, suggest that the Class 0 MFs and CFs within
these ranges of separation are primordial and the MF/CF
increase of Class I 4 Flat Spectrum and Flat Spectrum
protostars for 100 to 10 au separations could be due to
migration.

. We find more companions with separations from 20 to

500 au than predicted by numerical simulations that form
multiples only via turbulent fragmentation (e.g., Lee et al.
2019). This suggests that both disk fragmentation and
turbulent fragmentation with migration are needed to
produce the observed population of close multiple
systems.

. The distribution of bolometric luminosities for single and

multiple protostars is found to have statistically sig-
nificant differences. The median luminosity of single
protostars is found to be 0.96 L, while the median
luminosity of multiple protostars is 3.27 L. The higher
luminosities could result from both higher-accretion rates
in multiples and/or multiple protostars accreting at the
same rate.

. We compare near-infrared and millimeter detection

statistics for those multiple systems in Orion with
overlapping observations from the Hubble Space Tele-
scope at 1.6 um and ALMA and/or the VLA. Comparing
the sample of protostars observed at both near-infrared
and radio/submillimeter wavelengths and in the same
100 to 10%au separation range, we find that the
incompleteness of the millimeter-only studies is 20%
for samples of Class 0, Class I, and Flat Spectrum
protostars, and this rises to 29% if the sample is limited to
Class I and Flat Spectrum protostars. The near-infrared is
31% incomplete for samples of Class 0, Class I, and Flat
Spectrum protostars, but if only Class I and Flat Spectrum
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protostars are sampled, the incompleteness drops to 11%.
This finding is in part due to the inability of HST to
directly detect Class O protostars and many Class I
protostars at 1.6 ym due to their embedded nature.

9. Dust opacity at millimeter/submillimeter wavelengths
can play a role in the ability to detect companions with
separations <200 au. We find that three systems only
have VLA (9 mm) detections of their companions that
were undetected by ALMA at 0.87 mm. The non-
detection by ALMA is most likely due to the high
optical depth of the surrounding dust emission, obscuring
the companion at shorter wavelengths. There are two
further tentative companions that are detected by the
VLA but not by ALMA, likely for the same reason.
Future studies must remain cognizant of this potential
observational bias when observing at submillimeter and
millimeter wavelengths.

The statistics on protostellar multiplicity from this survey
have resulted in a robust characterization of the starting point
for multiplicity evolution. The data indicate that similar
processes produce the observed populations of protostellar
multiples in Orion and Perseus; however, it remains to be seen
if all nearby star-forming regions and isolated cores have
consistent multiplicity properties. The most populous regions
without comprehensive surveys are Serpens/Aquila and the
California Molecular Cloud. In addition to obtaining greater
statistics in the nearby regions at similar spatial scales, it is also
important to probe closer separations in the protostellar phase
in order to understand how close multiples form and evolve.
ALMA, in addition to future instruments like the ngVLA,
SKA, and 30m class telescopes, will be essential for
characterizing multiplicity at the closer separations.
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Appendix A
Use of Companion Probabilities in Multiplicity
Characterization

A.l. Probability of a Detected Source Being a Companion

The multiple systems in our sample may be contaminated by
chance alignments with other YSOs in the Orion cloud, with
the probability of contamination increasing as separation
increases and higher-local-YSO surface densities. We attempt
to account for this effect in our algorithm as follows. We begin
by estimating the typical YSO surface densities. We used the
surface density of YSOs measured toward each protostar
position, using the eleventh nearest neighbor, and then dividing
10 by the area of a circle at the radius of the eleventh nearest
neighbor to determine the local YSO surface density (Xyso;
e.g., Gutermuth et al. 2005, 2011; Megeath et al. 2016). The
protostar, whose surrounding Y.ygo is being measured, is not
included in the count of the 11 nearest neighbors. This results
in an uncertainty of 33% in the Yyso measurement (Casertano
& Hut 1985); equations describing the surface density
estimator are provided in Megeath et al. (2016). The YSO
surface densities for Orion and Perseus are provided with the
input catalogs in Tables 1 and 2.

For the protostars in Orion, we used the catalog of probable
YSOs from Megeath et al. (2012), and then for Perseus, we
used the YSO catalog of Perseus from the Spitzer Extended
Solar Neighborhood Archive catalog (Pokhrel et al. 2020; R.
Gutermuth et al. 2021, in preparation). If there was no source in
the catalog within 2”5 of an ALMA or VLA detection, the
ALMA or VLA source was added to the catalog for the
computation of the YSO surface density. The YSO surface
densities of Orion were corrected for completeness using X-ray
catalogs when available (Megeath et al. 2016); the Perseus
catalog did not undergo such a correction. For cases where a
YSO was more isolated or did not have enough data of its
surrounding region, we adopted the nearest measured YSO
surface density value in our sample.

The YSO surface density toward each protostar provides an
expectation value for the number of YSOs present within a
given area around the protostar. Since nearly all the protostars
in Perseus and Orion are contained within our samples,
contamination is expected to come from disk-bearing YSOs.
Based on our survey dust mass sensitivity of ~1 M, compared
to deeper surveys of YSOs in Lupus (Ansdell et al. 2016), we
would detect 75% of disk-bearing YSOs. The detection
probability follows a Poisson distribution:

(AL)

where A=0.75 Yvso nd®, and k is the number of YSOs
expected. Yyso is the number of YSOs per square parsec, and d
refers to the projected sky radius considered for calculating the
probability of a random YSO. Thus, the probability of
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detecting >1 unassociated YSOs is 1—P(0), where

P(>1YSO) = 1.0 — ¢ 075%md?, (A2)

We ultimately need to determine the probability of whether a
detected source is a companion or not. For this we make use of
Bayes theorem to determine

P (companion|detection)
__ P(detection|companion) P (companion)
P (detection) '

(A3)

Simply stated, given a detection, Equation (A3) yields the
probability of that detection being a companion. P(detection|
companion) refers to the probability that we would indeed
detect a companion when there is one present. We assume that
P(detection|companion) = 0.75, because, as mentioned above,
our sensitivity is expected to detect 75% of YSOs, which also
applies to protostars, under the assumption that they are drawn
from the same general population of dusty disks. We find that if
we used values anywhere between 0.25 and 0.9, the probability
of a given continuum detection being a companion is not
significantly changed; in any event, 0.75 is likely a reasonable
estimate.

P(detection) is the likelihood that we detect a source
regardless of it being a companion or an unassociated source.
Thus, we have

P (detection) = 0.75 P(companion)

+(1 — ¢ 0758md*) (1 — (.75 P(companion)). (A4)

The first part of the equation, 0.75P(companion), is the
probability of detecting a companion, while the latter part of
the equation is the probability of finding a detection if there is
no companion (i.e., an unassociated source). The factor of
(1 —0.75 P(companion)) is important, because this will balance
the probability of detection in the event that X is very large. If
we did not include the 0.75 factor, P(detection) would always
be less than 1 when ¥ — inf and P(companion) >0.

We thus require an estimate of P(companion), and we must
use the CF computed from our data to do this (see
Section 2.4.3). Our data without accounting for contamination
by unassociated YSOs will provide an overestimate of P
(companion), so we must then recompute P(companion) using
the CF derived with contamination taken into account. This is
an iterative process since the CF will slightly decrease when
contamination is considered, and we recompute our multiplicity
statistics for both Orion and Perseus until the MF and CF
(Section 2.4.3) are changing by less than 0.005 relative to the
previous calculation. We find that running the multiplicity
statistics three times is sufficient to reach convergence, such
that the calculated MFs and CFs are no longer changing. P
(companion) depends on separation, so for separations less than
500, 10°, and 10*au, P(companion) =0.14, 0.19 and 0.44,
respectively; these values reflect the combined sample of Orion
and Perseus. Only the value of P(companion) for separations
out to 10%*au changes with iteration because contamination
does not significantly affect separations less than 10° au.

We use the calculation of P(companion|detection) as the
probability of the companion being a real companion versus a
line-of-sight association. If a system has a probability below
0.001, then it is not included as a potential multiple because the
probability is too low. The probabilities between 0.001 and
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1.0 are also utilized in the histograms of companions versus
separation and in the cumulative distributions. We also use the
rounded sum of the probabilities for the entire multiple system
to determine the degree of multiplicity (binary, triple, etc.); this
is further described in Section 2.4.3.

A.2. Comparing Separation Distributions

The distribution of the projected companion separations is
one of the key observables from multiplicity studies of
protostars. Thus, we compare the distributions of Orion and
Perseus, subregions within Orion, and between evolutionary
Classes to determine if they are inconsistent with each other.
While histograms are used to create demonstrative plots of the
separations where most companions are found, statistical tests
are typically performed using CDFs. The CDFs we create, in
this paper, use the companion probabilities described in the
preceding section.

To create the CDFs with companion probabilities, we begin
with a list of companion probabilities associated with the
separation of each component in a multiple system defined as

[PA’ PB9 PC""9PZ]' (AS)

For the multiple system shown in Figure 1, we would have the

following probabilities associated with each component:
[Fa, P, Fc, Pp]1=1[1.0, Pop, (1.0
X Pap,cp)s (Pcp) X Pap,cp)l- (A6)

Thus, for the three separations that are defined as part of this
multiple system, they would have probabilities of

[Pa, Pcps Pcp X Pag.cpl (A7)
for the associated separations
[da.B, dcp, das,cpl- (A8)
The CDF at separation d is defined as
CDF(d) = w (A9)
2 n—obn

The numerator is the cumulative sum of the companion
probabilities for each companion within distance d, and the
denominator is the sum of the probabilities for all separations.
This method reduces to a standard CDF if all the probabilities
are unity. While this creates a CDF that is appropriate for
visualization, it is not appropriate for statistical comparison
between different subsamples, or other CDFs (measured or
analytic).

We statistically compare the distributions using a KS test.
The KS test enables us test the null hypothesis that the two
distributions being compared are drawn from the same parent
distribution. However, due to each separation in the CDFs
having a probability associated with it, we could not simply run
a single KS test of our companion separations CDF against
another sample or an analytic CDF. We instead construct a
randomly sampled CDF from the full list of possible
separations. For each separation in the full list, we draw a
random number between 0 and 1 from a uniform distribution,
and if a separation probability is greater than the random
number, it is included in the CDF; otherwise it is excluded. The
KS test is then run using the randomly sampled CDF and the
reference CDF; then the likelihood is recorded. We then repeat
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this random CDF sampling and KS test 1000 times, recording
the median likelihood, the quartiles of the distribution, and the
fraction of realizations that have likelihoods in excess of our
cutoff value for significant rejection of the null hypothesis that
the two distributions are drawn from the same parent
distribution. We consider low median likelihoods (p < 0.01)
resulting from the KS test to be evidence that the two
populations of multiples are not drawn from the same parent
distribution, rejecting the null hypothesis.

In the case of comparing an analytic CDF to an observed
CDF, we made use of the one-sided KS test, and we used the
two-sample KS test when directly comparing observed
samples. We make use of the scipy implementation of the KS
test. We also examined the results using a two-sided KS test for
comparisons with an analytic function where we created our
own CDF of the analytic function. The one-sided KS test
agrees with the two-sided KS test when the number of samples
in the analytic CDF are much larger.

A.3. Multiplicity Statistics Reporting Per Protostar Class

It is desirable to report our multiplicity statistics for several
different subsets of sources, selecting on separation range,
protostellar class, and region. As described in Section 2.4.1, we
iteratively search for multiples from our resolution limit out to a
maximum separation of 10%au in evenly spaced logarithmic
bins. At each step, we compute the multiplicity statistics, the
MF, and the CF, as well as breaking down the results by
evolutionary class. We treat each continuum source as a
discrete source if it has not been paired with another source on
the separation range currently being tabulated. This is
illustrated in Figure 1, where we show the number of singles,
binaries, triples, and quadruples in each panel; refer to
Section 2.4.3 for more detail on the multiplicity statistics. If
this hypothetical system was a single HOPS source in our
catalog, it would be counted as 4 singles if the maximum scale
being examined was smaller than the separations of any pair of
protostars. After A and B are paired, the configuration is
counted as 2 singles and 1 binary in the statistics, and for the
largest separation range, it is considered a single quadruple
system. The individual continuum sources that comprise a
single HOPS or Perseus catalog entry will inherit the protostar
class, Ly,;, and Tp,,; that they are associated with from the input
catalog.

When considering higher-order systems, especially when
separations become wide, more than one source from the input
catalog could be considered part of a multiple system. Thus,
multiple systems may contain a mix of protostar classes and
sometimes unclassified continuum sources. The class that has
the largest number of components will determine which class
group the statistics are added to. If there are equal numbers of a
particular class, for example two Class 0s and two Class Is,
then the earlier evolutionary classes will take precedence, and
the system would be considered Class 0. Because we report the
statistics using the most common Class in the multiple system,
adding up the numbers of components (e.g., N singles +
2 x Binaries, + 3 x Triples) of each Class will not equal the
combined number of components for all the ranges of
separations considered. Put simply, the total number of
components listed in the multiplicity tabulation of Class 0
protostars from 20 to 10° au will not be equivalent to the total
number of Class 0 components from 20 to 10* au because some
of these may be considered Class I or Flat Spectrum protostars
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as a whole, depending on the classification and number of wide
companions.

If a system has unclassified sources, we still include them in
the per-class statistics if there is only a single unclassified
source. Unclassified systems can come from regions that did
not have valid infrared source detections due to confusion or
high extinction. Systems that include more than one unclassi-
fied continuum source are left out of the per-class statistics, but
these systems are still counted in the full sample statistics that
include unclassified sources. The association of unclassified
sources is fairly rare, and the most substantial impact is in the
field around HOPS-384 where numerous additional sources
were detected by the VLA. The systems including HOPS-394,
HOPS-370, HOPS-108, and HOPS 92 each have a single
unclassified source associated with their higher-order systems.
Then HOPS-56 and NGC2024 FIR3 both have two unclassified
sources associated with them.

It is important to point out that these unclassified sources are
likely Class II or Class III YSOs and not background galaxies.
Two background radio galaxies were in the VLA observations
toward HOPS-173 and HOPS-168, but they clearly had
negative spectral indices and had no associated emission from
1 to 24 pm. Class III YSOs can also be detected by the VLA at
9.1 mm from their free—free emission, which tends to have a
flat spectral index rather than a negative spectral index, even if
their dust emission is too weak to be detected by ALMA.
Finally, the sources within OMCIN are listed as unclassified
but are deeply embedded and are presumed to be Class O
protostars. In any event, the OMCIN sources are only in close
enough proximity to each other to yield pairs with sources also
within OMCIN.

The separation-distribution histograms (Figures 9-12) show all
of the separations for each pairing of individual continuum
sources and paired /grouped continuum sources (see Section 4.1).
For the example shown in Figure 1, the histogram of separations
and CDF would contain three source pairs with separations, dag,
dep, and dag cp. The same criteria mentioned in the previous
paragraphs are also used here to determine the Class a particular
separation belongs to. However, there is a bit more ambiguity in
the distribution of separations, because when continuum sources
are paired, their catalog entries are removed and replaced with a
new catalog entry for the paired sources. Using the same example
from Figure 1, if A is Class O and B is Class I, the combined
entry AB is considered Class 0. Then if C and D are both Class I,
their combined entry will be Class I. However, when AB and CD
are paired, their separation would also be considered Class 0,
even though this quadruple system is comprised of three Class Is
and one Class 0. This situation of mixed evolutionary classes is
common for separations >3000au and is an artifact of the
preference we have for assigning class based on the youngest
component. We tested creating our separation distributions
where the more-evolved Class was selected, rather than the
less-evolved Class, and the separation distributions do not change
significantly.

A.4. Alternative Calculation of MF and CF with Probabilities

In Section 2.4.3, we described our adopted method of
calculating the multiplicity degree of a system by the rounded
sum of probabilities for all components. We then use the degree
of multiplicity for each system to calculate the MF and CF for
the samples as a whole. However, we can also directly calculate
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the MF and CSF using the probabilities of each system without
rounding using the methods described below.

We first need to calculate the number of multiples, which can
be computed via

N
Nmultiples = NH>2.0 + Z(Pi(z > Pi > 1) - 10) (AIO)

1

P; refers to the sum of the probabilities for each multiple
system, with the probabilities of the individual components
determined as described in Appendix A.l, and Np.,o is the
total number of definite multiple systems, where the sum of the
probabilities are greater than 2. Then systems whose
companion probability sums are between 2 and 1, which could
either be a single or a multiple (see Section 2.4.3), are
accounted for by adding their excess probability above 1.0.
Then the total number of companions is expressed by

N
Ncompanions = Z(Pl — 1.0), (AIT)

l

because the CF counts the total number of companions in each
system, which is equivalent to the total number of components,
minus 1.

Finally, to arrive at the MF and CF, the number of systems is
equal to the number of singles plus the sum of the number of the
possible members in each system minus the sum of the
probabilities for each system, thereby accounting for the low
probability pairs in the total number of systems. This can be
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expressed as

N
Ivsystems = 1Vsingles + Z(Ncomps,i - Pi), (A12)
1

where Neomps,; is the total number of possible components of a
multiple system, and P; refers to the sum of the companion
probabilities for each multiple system Z?]““"““‘i P;, where N is
the total number of components. Then we can compute the MF
and CF for the chosen sample where MF = Nyyiiptes/Nsystems
and CF = Ncompanion/Nsystems: When we compute the MF and
CF from this method, the values are consistent with the method
outlined in Section 2.4.3 where we round to the nearest integer
to count the number of components that make up a multiple
system. Thus, we make use of that method given that it
provides the degree of multiplicity for each system, comparable
to previous work. However, the method described in this
section provides a way to verify those results without the
possible loss of information from rounding.

A.5. Multiplicity Statistics and Statistical Tests without
Companion Probabilities

In the main text, we described the statistical tests performed on
the CDFs in Section 4.2. There were not significant differences
between the statistical tests that used and those that did not use
companion probabilities. Then, we also computed the MFs and
CFs without considering the companion probabilities and list them
in Tables 8 and 9 for reference. We only include the 20 to 10* au
separation ranges because the comganion probabilities did not
affect the 20 to 500 au and 20 to 10” au ranges.

Table 8
Orion and Perseus Multiplicity and Companion Fractions without Probabilities

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF

Orion All 20-10,000 191:62:9:5:4:4:1:1:0:0:1:0 031499 0.55+:98
Orion All—No Unclassified 20-10,000 185:57:8:4:4:3:1:0:0:0:1:0 0.3079% 0.509%
Orion Class 0—(Class 0, Class I, Flat) 20-10,000 51:21:3:2:1:3:1:0:0:0:1:0 0.39799¢ 0.827513
Orion Class 0—Class 0 20-10,000 51:16:2:0:0:0:0:0:0:0:1:0 0.27+5:98 0437591
Orion Class I - (Class 0, Class I, Flat) 20-10,000 77:16:3:0:2:0:0:0:0:0:0:0 0.21f8_‘8§ 0.31f8j8§
Orion Class I—Class I 20-10,000 77:15:1:0:1:0:0:0:0:0:0:0 0.187003 0.22799
Orion Flat - (Class 0, Class I, Flat) 20-10,000 57:20:2:2:1:0:0:0:0:0:0:0 0.3015:9¢ 0.41+9:08
Orion Flat—Flat 20-10,000 57:20:1:0:1:0:0:0:0:0:0:0 0.28+99¢ 0.3379:9
Orion (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 134:36:5:2:3:0:0:0:0:0:0:0 0.26°9%4 0.36109¢
Orion (Class 1, Flat)—(Class I, Flat) 20-10,000 134:35:2:0:2:0:0:0:0:0:0:0 0.23+9% 0.27+55%
Perseus All 20-10,000 40:18:3:0:3:1:0:0:0:0:0:0 038997 0.631313
Perseus All—No Unclassified 20-10,000 32:16:3:0:3:1:0:0:0:0:0:0 0.4215:98 0.717313
Perseus Class 0—(Class 0, Class I, Flat) 20-10,000 16:10:2:0:3:1:0:0:0:0:0:0 0.507919 0.97+92¢
Perseus Class 0—Class 0 20-10,000 16:8:1:0:1:0:0:0:0:0:0:0 0387512 0.5410-18
Perseus (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 16:6:1:0:0:0:0:0:0:0:0:0 0301912 0355043
Perseus (Class 1, Flat)—(Class I, Flat) 20-10,000 16:6:0:0:0:0:0:0:0:0:0:0 027913 027513

Note. We only provide the 20 to 10* au ranges here because it is the only range affected by the companion probabilities.
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Table 9
Combined Multiplicity and Companion Fractions without Probabilities

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF

Combined All 20-10,000 231:80:12:5:7:5:1:1:0:0:1:0 0.33+9%3 0.57+5%
Combined All—No Unclassified 20-10,000 217:73:11:4:7:4:1:0:0:0:1:0 0.3270:%3 0.547092
Combined Class 0—(Class 0, Class I, Flat) 20-10,000 67:31:5:2:4:4:1:0:0:0:1:0 0.420:93 0.8610:12
Combined Class 0—Class 0 20-10,000 67:24:3:0:1:0:0:0:0:0:1:0 0.3075% 0.46730¢
Combined (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 150:42:6:2:3:0:0:0:0:0:0:0 0.26°0% 0.3559%4
Combined (Class I, Flat)—(Class I, Flat) 20-10,000 150:41:2:0:2:0:0:0:0:0:0:0 0.2375% 0275004

Note. We only provide the 20 to 10* au ranges here because it is the only range affected by the companion probabilities.

Appendix B
Comparison of Regions within the Orion Complex

The large sample of Orion protostars also enables analysis of
multiplicity properties from distinct regions within the Orion
molecular cloud complex. We have divided the Orion sample
into three regions based on decl.: the northern Integral-Shaped
Filament (ISF) including OMC-1, OMC-2, and OMC-3
(—4°.5> 6> —5°5), the southern ISF and L1641 (hereafter
L1641; 6 < —5°.5) both part of the filamentary Orion A cloud,
and Orion B (6 > —4°.5). Our sample contains 45 detected
protostar systems in the ISF (17 Class 0, 12 Class I, and 17 Flat
Spectrum), 168 detected protostar systems in L1641 (37 Class
0, 68 Class I, and 63 Flat Spectrum), and 75 detected protostar
systems in Orion B (32 Class 0, 31 Class I, and 12 Flat
Spectrum). This selection divides the Orion protostars a bit
unevenly, since L1641 contains more protostars than Orion B
and the ISF combined. However, the northern ISF stands
out, since it has significantly higher-protostellar density
than anywhere else in Orion and hosts the ONC (e.g.,
Carpenter 2000; Megeath et al. 2016). Orion B is notable for
its low star formation efficiency, low fraction of high density
filaments, and high fraction of Class O protostars (Stutz &
Kainulainen 2015; Megeath et al. 2016; Orkisz et al. 2019;
Karnath et al. 2020). In comparison, the L1641 cloud contains
primarily smaller groups and clusters of young stars, has a
lower fraction of Class O protostars than the ISF, and has lower
gas column densities (Allen et al. 2008; Hsu et al. 2013; Stutz
& Kainulainen 2015; Megeath et al. 2016). In total, these three
regions sample very different environments.

We compared the probability-weighted cumulative separa-
tion distributions for the regions in Figure 19. For the full
sample and samples divided by Class, only the Class 0—Class 0
separation distribution in L1641 versus Orion B regions
(separations <10* au) reject the null hypothesis (that they are
drawn from the same parent distribution) with p < 0.01; other
classes do not show statistically significant differences between

42

regions. Also, when compared to a log-flat separation
distribution, only the Orion B Class O's are inconsistent with
log-flat.

The MFs and CFs for the Orion regions are given in
Table 10, and we show them graphically as a function of
protostellar class in Figure 20. For separations of 20 to 10* au,
Class 0 protostars in all regions have MFs and CFs that are
consistent within their uncertainties. Then, while the MFs of
the ISF are systematically higher for more-evolved protostars,
the differences are all <20 and not definitive. For the CFs of
the more-evolved protostars in the ISF, the values are again
systematically higher than the other regions, but are not
statistically significant with all <2¢. If the full sample of the
regions is considered, the difference between the CFs in the ISF
and L1641 is ~1.90. Thus, the elevated CFs in the ISF suggest
a potential dependence of multiplicity difference between
regions, but firm conclusions cannot be drawn.

In the 20 to 10> au separation range, the MFs and CFs for the
Class 0 protostars in the three regions are consistent within the
uncertainties. The ISF does have elevated CF values for Class I
+ Flat Spectrum and Flat Spectrum protostars, but they are just
beyond 1o. The 20 to 500 au separation range tells a similar
story, without statistically significant differences in the MFs
and CFs for the different regions. However, there is a hint that
the L1641 Class O protostars could have a higher MF and CF in
this separation range, but the significance of this difference is
only sightly greater than lo.

Overall, the only statistically significant difference between
the regions is found in the Class O separation distribution for
L1641 versus Orion B. There are no significant differences in
the MFs or CFs between the regions; however, the ISF MFs
and CFs are systematically higher than those of other regions,
providing a hint that it might have a difference. The main
difference between the ISF and the other regions is YSO
density, being much higher in the ISF, and we discussed, in
Sections 4.5 and 5.3, that regions with high-YSO densities
could be more favorable to the formation of multiples.
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Figure 19. Cumulative separation distributions for the full samples of each region in Orion, and a log-flat distribution is also drawn for comparison for comparison to
the full samples of companions. In each protostellar class, all the regions are consistent with being drawn from the same parent distribution, except for Class 0 s in
L1641 and Orion B.
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Figure 20. MFs and CFs on different scales as a function of protostar class for different regions within Orion. The MFs and CFs of the non-Class 0 protostars in the
ISF are systematically higher than the other regions for separations 20 to 10* au, but the differences are not statistically significant.
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Table 10
Multiplicity and Companion Fractions for Orion Regions

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF

ISF All 20-10,000 43:12:3:1:2:1:0:0:0:0:0:0 0317397 0.55°512
ISF All—No Unclassified 20-10,000 25:11:3:1:2:1:0:0:0:0:0:0 0.4279% 0.77:518
ISF Class 0—(Class 0, Class I, Flat) 20-10,000 12:4:0:0:1:1:0:0:0:0:0:0 0.33*913 0721028
ISF Class I - (Class 0, Class I, Flat) 20-10,000 4:3:2:0:0:0:0:0:0:0:0:0 0561520 0.787533
ISF Flat - (Class 0, Class I, Flat) 20-10,000 9:4:1:1:1:0:0:0:0:0:0:0 0.447913 0.817939
ISF (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 13:7:3:1:1:0:0:0:0:0:0:0 0.487 512 0.80102¢
ISF All 20-1000 65:11:3:0:0:0:0:0:0:0:0:0 0.18+093 0.2210:9¢
ISF All—No Unclassified 20-1000 43:10:3:0:0:0:0:0:0:0:0:0 0.237597 0.297597
ISF Class 0—(Class 0, Class I, Flat) 20-1000 21:2:1:0:0:0:0:0:0:0:0:0 0.127044 017534
ISF Class I - (Class 0, Class I, Flat) 20-1000 11:2:0:0:0:0:0:0:0:0:0:0 0157347 0.15%34%
ISF Flat - (Class 0, Class I, Flat) 20-1000 11:6:2:0:0:0:0:0:0:0:0:0 0.42791% 0.537931
ISF (Class I, Flat)—(Class 0, Class I, Flat) 20-1000 22:8:2:0:0:0:0:0:0:0:0:0 0315949 0.3813:09
ISF All 20-500 73:10:1:0:0:0:0:0:0:0:0:0 0.13759% 0.147593
ISF All—No Unclassified 20-500 51:9:1:0:0:0:0:0:0:0:0:0 0.16159¢ 0.1879:9¢
ISF Class 0—(Class 0, Class I, Flat) 20-500 23:1:1:0:0:0:0:0:0:0:0:0 0.08f8j(1)2 0.12f8j(')(7)
ISF Class I - (Class 0, Class I, Flat) 20-500 11:2:0:0:0:0:0:0:0:0:0:0 0.157917 0.154347
ISF Flat - (Class 0, Class I, Flat) 20-500 17:6:0:0:0:0:0:0:0:0:0:0 0261512 0261012
ISF (Class I, Flat)—(Class 0, Class I, Flat) 20-500 28:8:0:0:0:0:0:0:0:0:0:0 0.22f8;8? 0.22f8j83
ISF All 100-1000 69:8:2:0:0:0:0:0:0:0:0:0 0.12%9%3 0.1473%
ISF All—No Unclassified 100-1000 46:8:2:0:0:0:0:0:0:0:0:0 0.1779%¢ 0.2010:97
ISF Class 0—(Class 0, Class I, Flat) 100-1000 22:2:0:0:0:0:0:0:0:0:0:0 0.087 542 0.087 542
ISF Class I - (Class 0, Class I, Flat) 100-1000 11:2:0:0:0:0:0:0:0:0:0:0 0.15*513 0.154347
ISF Flat - (Class 0, Class I, Flat) 1001000 13:4:2:0:0:0:0:0:0:0:0:0 0.29%013 0.38%913
ISF (Class I, Flat)—(Class 0, Class I, Flat) 100-1000 24:6:2:0:0:0:0:0:0:0:0:0 0.247349 0.2910:09
Orion B All 20-10,000 57:23:2:0:2:0:0:0:0:1:0:0 0.331006 0.52*310
Orion B All—No Unclassified 20-10,000 52:22:1:0:2:0:0:0:0:1:0:0 0.3375:9¢ 0.537%19
Orion B Class 0—(Class 0, Class I, Flat) 20-10,000 22:14:1:0:0:0:0:0:0:1:0:0 0.42159 0.661017
Orion B Class I - (Class 0, Class I, Flat) 20-10,000 22:5:0:0:2:0:0:0:0:0:0:0 0.24f8_'(')§ O.45f8_‘”
Orion B Flat - (Class 0, Class I, Flat) 20-10,000 8:3:0:0:0:0:0:0:0:0:0:0 0.2779% 027103
Orion B (Class I, Flat)—(Class 0, Class I, Flat) 20-10,000 30:8:0:0:2:0:0:0:0:0:0:0 02599 0.4079%
Orion B All 20-1000 89:20:0:0:0:0:0:0:0:0:0:0 0187954 0.1855%
Orion B All—No Unclassified 20-1000 82:18:0:0:0:0:0:0:0:0:0:0 0.18+093 0.18+993
Orion B Class 0—(Class 0, Class I, Flat) 20-1000 43:10:0:0:0:0:0:0:0:0:0:0 0.19t8;82 0.19f8j82
Orion B Class I - (Class 0, Class I, Flat) 20-1000 30:5:0:0:0:0:0:0:0:0:0:0 0.1479%° 0.1410:92
Orion B Flat - (Class 0, Class I, Flat) 20-1000 9:3:0:0:0:0:0:0:0:0:0:0 0257518 0257518
Orion B (Class I, Flat)—(Class 0, Class I, Flat) 20-1000 39:8:0:0:0:0:0:0:0:0:0:0 0.17t8;82 0.17t8;8§
Orion B All 20-500 101:14:0:0:0:0:0:0:0:0:0:0 0.1279% 0.1210:54
Orion B All—No Unclassified 20-500 92:12:0:0:0:0:0:0:0:0:0:0 0.12159% 0.1210%4
Orion B Class 0—(Class 0, Class I, Flat) 20-500 49:6:0:0:0:0:0:0:0:0:0:0 0.11%5:0% 0.11+9:58
Orion B Class I - (Class 0, Class I, Flat) 20-500 34:3:0:0:0:0:0:0:0:0:0:0 0.085%7 0.08+397
Orion B Flat - (Class 0, Class I, Flat) 20-500 9:3:0:0:0:0:0:0:0:0:0:0 0.25+018 0.25+38
Orion B (Class I, Flat)—(Class 0, Class I, Flat) 20-500 43:6:0:0:0:0:0:0:0:0:0:0 0.12f8j8_2 0.12f8j8§
Orion B All 100-1000 95:14:0:0:0:0:0:0:0:0:0:0 0.1279% 0.1275%
Orion B All—No Unclassified 100-1000 88:12:0:0:0:0:0:0:0:0:0:0 0.11759% 0.1139%%
Orion B Class 0—(Class 0, Class I, Flat) 100-1000 46:7:0:0:0:0:0:0:0:0:0:0 0.1279%¢ 0.1210:9¢
Orion B Class I - (Class 0, Class 1, Flat) 100-1000 32:3:0:0:0:0:0:0:0:0:0:0 0.08590 0.08=97
Orion B Flat - (Class 0, Class I, Flat) 100-1000 10:2:0:0:0:0:0:0:0:0:0:0 0.15%017 0.155947
Orion B (Class I, Flat)—(Class 0, Class I, Flat) 100-1000 42:5:0:0:0:0:0:0:0:0:0:0 0.10t8;82 0.10t8;8§';
L1641 All 20-10,000 118:35:5:1:0:0:0:0:0:0:0:0 0.2679% 0.3010:9¢
L1641 All—No Unclassified 20-10,000 118:35:5:1:0:0:0:0:0:0:0:0 0.26109% 0.3010:9¢
L1641 Class 0—(Class 0, Class I, Flat) 20-10,000 24:9:4:1:0:0:0:0:0:0:0:0 037155 0.537512
L1641 Class I - (Class 0, Class I, Flat) 20-10,000 52:10:1:0:0:0:0:0:0:0:0:0 0.1779%¢ 0.1979%¢
L1641 Flat - (Class 0, Class I, Flat) 20-10,000 42:16:0:0:0:0:0:0:0:0:0:0 ().28f8;8g 0.28f8j82
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Table 10
(Continued)

Sample/Subsample Separation Range S:B:T:Q:5:6:7:8:9:10:11 MF CF

L1641 (Class 1, Flat)—(Class 0, Class I, Flat) 20-10,000 94:26:1:0:0:0:0:0:0:0:0:0 0.22*384 0.237904
L1641 All 20-1000 152:26:1:0:0:0:0:0:0:0:0:0 0.1559% 0.162903
L1641 All—No Unclassified 20-1000 152:26:1:0:0:0:0:0:0:0:0:0 0.1575% 0.1670%
L1641 Class 0—(Class 0, Class I, Flat) 20-1000 30:10:1:0:0:0:0:0:0:0:0:0 0.27+0% 0.29+09%
L1641 Class I - (Class 0, Class I, Flat) 20-1000 65:6:0:0:0:0:0:0:0:0:0:0 0.0879%3 0.0879%
L1641 Flat - (Class 0, Class I, Flat) 20-1000 57:10:0:0:0:0:0:0:0:0:0:0 0.1540:08 0.15+3%
L1641 (Class I, Flat)—(Class 0, Class I, Flat) 20-1000 122:16:0:0:0:0:0:0:0:0:0:0 0.12+393 0.1250%
L1641 All 20-500 156:24:1:0:0:0:0:0:0:0:0:0 0.143093 0.1470%
L1641 All—No Unclassified 20-500 156:24:1:0:0:0:0:0:0:0:0:0 0.14+993 0.1470%3
L1641 Class 0—(Class 0, Class I, Flat) 20-500 30:10:1:0:0:0:0:0:0:0:0:0 027738 0.29+00¢
L1641 Class I - (Class 0, Class I, Flat) 20-500 67:5:0:0:0:0:0:0:0:0:0:0 0.0770% 0.07:004
L1641 Flat - (Class 0, Class I, Flat) 20-500 59:9:0:0:0:0:0:0:0:0:0:0 0.1379% 0.1350%
L1641 (Class I, Flat)—(Class 0, Class I, Flat) 20-500 126:14:0:0:0:0:0:0:0:0:0:0 0.1073% 0.1070%3
L1641 All 100-1000 163:15:1:0:0:0:0:0:0:0:0:0 0.08+3:93 0.0919:53
L1641 All—No Unclassified 100-1000 163:15:1:0:0:0:0:0:0:0:0:0 0.089%3 0.0975%
L1641 Class 0—(Class 0, Class I, Flat) 100-1000 35:5:1:0:0:0:0:0:0:0:0:0 0.13709! 0.155002
L1641 Class I - (Class 0, Class I, Flat) 100-1000 67:4:0:0:0:0:0:0:0:0:0:0 0.055004 0.0550%
L1641 Flat - (Class 0, Class I, Flat) 100-1000 61:6:0:0:0:0:0:0:0:0:0:0 0.08-903 0.08-903
L1641 (Class I, Flat)—(Class 0, Class I, Flat) 100-1000 128:10:0:0:0:0:0:0:0:0:0:0 0.0779% 0.0749%3
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