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Abstract

We present a statistical characterization of circumstellar disk orientations toward 12 protostellar multiple systems
in the Perseus molecular cloud using the Atacama Large Millimeter/submillimeter Array at Band 6 (1.3 mm) with
a resolution of ~25 mas (~8 au). This exquisite resolution enabled us to resolve the compact inner-disk structures
surrounding the components of each multiple system and to determine the projected 3D orientation of the disks
(position angle and inclination) to high precision. We performed a statistical analysis on the relative alignment of
disk pairs to determine whether the disks are preferentially aligned or randomly distributed. We considered three
subsamples of the observations selected by the companion separations a < 100 au, a > 500 au, and a < 10,000 au.
We found for the compact(<100 au) subsamplethe distribution of orientation angles is besdlescribed by an
underlying distribution of preferentially aligned sources (within 30°) but does not rule out distributions with 40%
misaligned sourcesThe wide companion (>500 au) subsample appears to be consisteitlh a distribution of
40%-80% preferentially aligned sources. Similarly, the full sample of systems with companions (a < 10,000 au) is
most consistent with a fractional ratio of at most 80% preferentially aligned sources and rules out purely randomly
aligned distributions. Thus, our results imply the compact sources (<100 au) and the wide companions (>500 au)
are statistically different.

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

1. Introduction (>1000 au) multiple systems (Tobin etl. 2016b). However,
hile the scales by which these processes form multiples are
m/stinct, the systems formed via turbulenfragmentation may

Recent studies in the past several decades have shown nea
half of all solar-type star systems are multiples (Raghavan et al: : X
2010: Duchéne & Kraus 2013: Moe & Di Stefano 2017: Offner migrate to hundreds of au separations(or less) in tens of
etal. 2023. It has been discovered thatellar multiplicity is thousandsof years (Offner et al. 2010; Lee et al. 2019a)
even more common for young stars (Mathieu 1994; Chen et aldepending on their relative gravitational attraction with the core
2013; Tobin et al. 2020), and protostars in the midstof the and the relative velocities of the sourcesat the times of
stellar assembly process have the highest multiplicity fractions formation. This makesit difficult to uniquely identify the
(Connelley et al. 2008a; Chen et al. 2013; Tobin et al. 2016b). dominant formation mechanism from separation measurements
During the earliest stages of star formation, the deeply alone. Studies of protostellar multiplicity within the Orion
embedded protostellgshase the largestreservoirof mass is molecular cloud by Tobin et al. (2022) found that current
available to form multiples (Tohline 2002). This is the stage of simulations of turbulentollapse alone did not account for all
stellar evolution that must be examined to reveal the origins of of the observed multiples found between 20 and 500 aand
stellar multiplicity. thus an additional mechanism was needed to explain the

Multiple-star systems are thought to primarily form via two  observationsMeanwhile, Murillo et al. (2016) characterized
processesthat operate on distinct scales: massive disks the relative evolutionary states fowide and compactyoung

undergoing disk fragmentation on tens to hundreds of au stellar object multiples using spectral energy distribution
scales (e.g., Kratter et al. 2010a), and turbulent core modeling and found ~33% of multiple systems were
fragmentation on thousands ofu scales (e.g.,Offner et al. inconsistent with “coeval” formation mechanisms.

2010). These processes can operate simultaneouglyssibly Distinguishing if there is a primary mechanism for close
giving rise to populations of close (<500 au) and wide multiple star formation is important for understanding the

origin of stellar multiples, their evolution, and the potential
impact they might have on their circumstellardisks and the

planet formation potential. A close multiple system formed
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system, leading to misalignment of outflows (Offner et al. from the rotation axis due to N-body interactions (Ohashi et al.

2016) and possibly disrupting accretion disks. 2022). Tobin et al. (2018) confirmed and resolved the
The VLA Nascent Disk And Multiplicity (VANDAM) companion separationbut given the resolution were not able

Survey characterized the multiplicity of the entire protostar to resolve the compactcircumstellardisks or the individual

population in the Perseus molecular cloud (Tobin et al. 2016a) outflows around the sources-urthermore Segura-Cox efal.

finding 17 multiple systems with separationsless than (2018) conducted high-resolution Very Large Array (VLA)

270 (600 au) out of 90 sources observed. This sample of closeobservations and identified Per-emb-5 potential compact

multiples was followed up with Atacama Large Millimeter/ multiple, requiring high-sensitivity follow-up to confirm the
submillimeter Array (ALMA) observationsof 1.3 mm con- multiplicity. Thus, high-resolution and high-sensitivity studies
tinuum and molecularlines that likely trace disk kinematics ~ of compactand wide multiples are needed to accurately
("3co, C'®0, SO, and H,CO), enabling the most likely determine the angular momentum vectors of the disks.
formation mechanism to be inferred for 12 systems(Tobin We carried out a novel method of empirically testing
et al. 2018). Eight out of 12 systems were found to be multiple protostar formation mechanismsby observing 12

consistent with disk fragmentation, and four were inconsistent. known wide and compact multiples with 25 mas angular

The systems that were consistent with disk fragmentation had resolution (~8 au), with the ability to resolve small protostellar

apparent rotating circumbinary structures surrounding the disks. This type of survey can bestecover the projected disk

binary/multiple system. However, even with this evidence, rotation axis, i.e, the implied orientation vector, of the nascent

turbulent fragmentation could not be completely ruled out. Thiscircumstellar diskSimilar studies have been conducted in the

is because a system formed from turbulent fragmentation could@st, observing the polarization angle of the sources to infer the

migrate inward, interact, and form a close multiple system with Circumstellar disk alignmentsyut they are highly sensitive to

a new circumbinary disk (e.gBate 2018). the_ amountof mterv_enmg mterstel[ar pollarl_zatl.on alignments,
However, the compact circumstellar disks around each which may contaminate the resulting distribution of angles

componenbof the close multiple systems could provide more ~ (Jénsen et al2004). .
definitive evidence on the formation mechanisrif.the close We present our findings of 12 protostellar multiple systems
multiple system is formed via disk fragmentatiothe angular within the Perseus molecular cloud and detail the collection of

momentum axis of each component and the circumbinary disksobsgrvatlons In Septlon ZNe detail our findings and dls_cuss
should be relatively aligned due to forming within a common particular sources n Sect|c_>n 3. We present our analysis of the
disk with the same net angular momentum (Offner et al. 2016; prot_ostel_larsample in Section 4. Further, we interpret our
Bate 2018).0n the other handlee etal. (2019b) and Offner f|nd|r}gs in the broader aspects _of star_formatlon and W|th the
et al. (2022) found that in simulations of turbulent core Spec.'f'c sources of the sample in Section &nd conclude in
collapse,multiples preferentially formed as randomly aligned Segction 6.
systems whose (mis)alignment angles would persist throughout
the calculation, suggesting randomly distributed alignment
angles should be a signature for this formation mechanism.

These primordialalignments can furtherevolve via dyna- For consistency,we utilize the following definitions for
mical interactions to either misalign or realign dater stages.  this work:
Highly inclined alignments with respect to the orbital plane can
quickly decay, on the order of“=l-Ci0‘“p r, while more moderate
misalignments decay over 10°-10"yr (typical of 1 M 2
companions on ~100 au separationg;.g., Bate et al. 2000).
Furtherstudies of the more evolved protoplanetary disks are
consistent with a greater likelihood of misaligned companions,

1.1. Definitions

1. Source: a single protostar that can have a compact and/or
extended disk.
. System: a collection of sources within a defined
separation that may be interacting.
3. Aligned: a pair of sourceswhose dot product of the
orientation vectors would correspondto a value of

but these systemsprobably experienced many orbitaltime- <30° (Lee et al.2019a).

scales,thus undergoing dynamicalevolution (Jensen etal. 4. Misaligned: a pair of sources whose doproductof the
2004; Jensen & Akeson 2014; Rota et al. 2022). Furthermore, normalized orientation vectorswould correspond to a
Larwood et al. (1996) found the disk inclination angle and value of >30°.

orbital angular momentum axis evolve on timescales of order o ) o
the viscous timescale;thus, it is not clear if the observed ~ The definitions of alignment are for ease of qualitative
relative alignment angles are inherited from the formation or if referencing and are not relied upon for the analysis detailed in
the angles are a produchf the dynamicalevolution. Making Section 4.In the analysiswe utilize the alignment angles and
surveys of the circumstellar disks @uch young evolutionary ~ the corresponding observationagrrors. The demarcation of
primordial alignments versus the more evolved protoplanetary ;emgm) consistentvith studies of simulated data (Lee etal.
disks. a).

At such a young age, protostarsare deeply embedded,
making direct measurementsof the stellar rotation axis

impossible.Bate et al. (2010) found that the stellar rotation 2. Observations and Data Analysis

axis (the inferred stellarangularmomentum axis)would not ALMA is a state-of-the-artinterferometer located on Llano
differ significantly from the inner-disk rotation axis (<5°). The de Chajnantor in the Atacama region of Chile at an elevation of
outflow position angle can be a proxy for the angular ~5000 m. We conducted observations of protostellar multiple

momentum axisand can be difficultto separate for compact  systems in Perseus primarily using Band 6 (1.3 mm) with some
systemsThese outflows may be entangled and/or misaligned supplementary observations in Band 3 (3 mm).
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Table 1
1.3 mm Pointings

Name Other Names a o) Beam ms S/IN Class Lbol Tool

(J2000) (J2000) (mas x mas) (WJy beam™) (Le) (K)
L1448 IRS1 L 3:25:9.45 30:46:21.84 43 x 23 13 391 | 2 None
Per-emb-2 IRAS 03292+3039 3:32:17.93 30:49:47.7 61 x 27 38 19 0 0.9 27
Per-emb-5 IRAS 03282+3035 3:31:20.94 30:45:30.19 61 x 28 47 101 0 1.3 32
NGC 1333 IRAS2A Per-emb-27 3:28:55.57 31:14:36.92 62 x 27 53 368 o/ 19 69
Per-emb-17 L1455 IRS1 3:27:39.11 30:13:2.98 42 x 23 13 429 0 4.2 59
Per-emb-18+ NGC 1333 IRAS7 3:29:11.27 31:18:30.99 63 x 28 17 181 0 2.8 59
Per-emb-21+ L 3:29:10.67 31:18:20.09 63 x 28 17 359 0 6.9 45
Per-emb-22 L1448 IRS2 3:25:22.42 30:45:13.16 43 x 23 13 448 0 3.6 43
L1448 IRS3B+ Per-emb-33 3:25:36.32 30:45:14.81 43 x 23 14 169 0 8.3 57
L1448 IRS3A+ L 3:25:36.5 30:45:21.83 43 x 23 14 365 | 9.2 47
L1448 IRS3C L1448 NW 3:25:35.68 30:45:34.26 43 x 23 20 192 0 1.4 22
Per-emb-35 NGC 1333 IRAS1 3:28:37.1 31:13:30.72 62 x 28 18 307 | 9.1 103
NGC 1333 IRAS2B Per-emb-36 3:28:57.38 31:14:15.67 66 x 29 37 294 | 5.3 106
SVS13A+ Per-emb-44 3:29:3.77 31:16:3.71 64 x 28 76 194 on 325 188
SVS13A2+ L 3:29:3.39 31:16:1.53 64 x 28 76 59 o/ 325 188
SVS13B+ L 3:29:3.08 31:15:51.64 64 x 28 76 32 0 1 20

Notes. L1448 IRS3B also contains L1448 IRS3A within the field of view. SVS13A also contains SVS13B within the field of view. Per-emb-18 also contains Per-emt
21 within the field of view. rms is specified as the rootnean square of the Briggs robust weighted image with the upper 95% of emission clippedhe beam

specified is the self-calibrated, multifrequency synthesis clean beam using Briggs robust 1 weighting. S/N is the signal-to-noise ratio, defined as the emission peak
divided by the respective rm<lass, Ty, and Ly, are given in Connelley et al(2008b) and Tobin et al(2018).

ReferencesEnoch et al.(2009), Sadavoy et al(2014).

Table 2
1.3 mm Scheduling Block
Identifier # EBs Date Phase Cal. Bandpass Cal. Flux Cal.
(Sept 2021)
(1) 1 11 J0336+3218 J0237+2848 J0341+3352
(2) 3 13,16,18 J0336+3218 J0237+2848 J0338+3106

Notes. Identifier (1) corresponds to the Member Observation Unit Set (MOUS) of uid://A001/X1465/Xd60 and (2) corresponds to uid://A001/X1465/Xd63. #
EBs is the number of execution blocks.

2.1.Band 6 (1.3 mm) Observations

The observations were taken as part of project 2019.1.0142
S, with 48 antennas included between 2019 September 11-18
at Band 6 (1.3 mm) toward 12 protostellar systemsin the
Perseus molecular cloud (d ~ 300 pdjhe observations were
carried out in the most extended configuration C-9/10
(baselines150 m~14.9 km) and have an effective angular

of the scheduled observations and EBs is given in Tables 1

nd 2.
3 The raw visibility data were calibrated by the North
American ARC staff using the Common Astronomy Software
Applications (CASA) version 6.2.1 automated pipelineThe
high sensitivity of the observations (pre-self-calibration
~40 pdy) and signal-to-noiseratios (S/Ns) of at least 50
. . enabled self-calibration to be attempted for alburces except
resolution of 42 mas x 23 masto 66 mas x 29 maswith a for Per-emb-2. We performed four to five rounds of phase-only
continuum sensitivity of 13-76 pJy bgarﬁ, ~when recon- self-calibrationwith the first round of intervals starting at the
structed with Briggs robust 1 weighted imaging. The correlator ¢,|| |ength of the EB, then round two of intervals starting at the
was configured with three spectral windows set up for full length of the on-source scanshen progressing to 18.14,
1.875 GHz bandwidth and 3840 channelsand four spectral g 07 s, and ending at the single integration time step. Per-emb-
windows used 117.19 MHz bandwidth and were centered on 18, Per-emb-35NGC 1333 IRAS2B,and L1448 IRS3B were
the™CO (J=2-1),C°*0 (J=2~1), SO (J =6(5) ~ 5(4)),  unable to be phase self-calibrated down to the shortest time step
and SiO (J = 5 — 4) transitions.However, the spectrallines due to the SN degrading but were phase-only self-calibrated
were not well detected given thathe integration times were  down to 9.07 s. The final average sensitivity resulting from the

chosen for continuum sensitivity. phase-only self calibrations was ~30 uJy and an average
The first set of observations for five of the sources took placencreaseof S/Nbya factor of 1.5. A summary of the

across a 1.5 hrblock, with each time on-source =9 minutes  observations is detailed in Table 1.

(scans ~9.04 s). The remaining seven sources were observed in The data were imaged using CASA v6.5.0-15 with the task
three execution blocks (EBs@cross 3 dayswith the average  tclean, and the images using Briggs weighting with a robustness
time on-source ~14 minutes for the three EBs combined. Whileparameter of 1 are shown in Figures 1 and 2 with image sizes of
the absolute flux density scale is expected to be accurate to 9000 x 9000and 4 mas per pixeAll imagesare shown with
~10%, for the purpose of the results presentedall flux square-roostretch colormaps and a common rms value of
uncertainties only consider statistical uncertainties. A summary20 pJy beam. To restore the imagesye used Multi-(Taylor-)
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Figure 1. ALMA 1.3 mm continuum images of the Perseus multiples, constructed with a Briggs robust weighting parameter of 1. The sources are contained within -
pointings,detailed in Table 1.The distance given underneath the source name indicates the distances of that companion to the primary pointing source (the prior
source in the list). If no distance is given, the center of the image is near to the center of the primary poifiting. A 0 5 (150 au) scale bar is shown in the lower left, an
the respective restoring beam is shown in the lower right. The color scale is square-root scaled, with the lower bound set by a common rms value of 20 pJy beam

term Multi-Frequency Synthesis (MTMFS) with scale sizes of Oefb-5 (within ALMA project 2016.1.00337.S)Data were
and 20 pixels and two Taylor terms. The scale sizes were chostakéa in two ALMA configurations, C40-6 (2017 August1)
recover dominant features in the disk and correspond to physicahd C40-9 (2017 September 2ummarized in Table 3For
sizes of the point source, the typical size of the beam minor axisoth data setsthe phase calibrator was J0336+321iie flux
and 2x the typical beam major axis. We utilized the “auto- calibrator was J0238+1636and the bandpass calibrator was

multithresh” masking technique to noninteractively mask and clggps7+2848.The baselines sampled in the combined data set
the datain a reproduciblenannerby defining the sidelobe  ranged from 16 m to 14,500 m.

by simultaneously cleaning the data with a conservative user- setup for 1.875 GHz bandwidth and 128 channelsand two
defined mask. spectral windows1 3used 58.5%8MH2 bandwidth and were
. centered on the "COandC O (J=1-0) transitions.
2.2.Band 3 (3 mm) Observations However,the spectralines were notwell detected given that
ALMA Band 3 data were taken toward three targets, a subsethe integration times were chosen forcontinuum sensitivity.
of the Band 6 observationsPer-emb-2Per-emb-18and Per- The central frequency of the observations was ~102 GHz.
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Figure 2. Similar image to Figure 1 but zoomed in to each fitted source in Table 4. The box size for each plot is given and denotes the width and height of the plot.
0" (30 au) scale bar is shown in the lower lefgnd the respective restoring beam is shown in the lower right.

Table 3
3 mm Pointings
Name a o] Beam rms SIN
(J2000) (J2000) (mas x mas) (WJy beam)
Per-emb-2 3:32:17.93 30:49:47.73 108 x 48 18 75
Per-emb-5 3:31:20.94 30:45:30.23 108 x 48 18 168
Per-emb-18+ 3:29:11.26 31:18:31.04 90 x 41 27 34
Per-emb-21+ 3:29:10.67 31:18:20.14 187 x 110 10 475

Notes. Per-emb-18 also contains Per-emb-21 within the field of view. rms is specified as the root mean square of the super-uniform weighted image with the upper
95% of emission clipped. The beam specified is the self-calibrated, multifrequency synthesis clean beam using super-uniform weighting. S/N is the signal-to-noise
ratio, defined as the emission peak divided by the respective rms.

The data were pipeline processed by the observatory using CASA. The C40-6 data wenthrough three rounds of phase-
the pipeline included in CASA v4.7.2 (r39732). The data were only self-calibration with solution intervals of one scan, 24.15,
also self-calibrated and imaged using thissame version of and 6.05 s (a single integration).The C40-9 data also went
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Figure 3. Continuum images at 3 mm of the Perseus multiples. Per-emb-2, Per-emb-5, and Per-emb-18 are constructed with super-uniform weighting with an aver:
restoring beam of ) 09 x @ 04, while Per-emb-21 is constructed with a Briggs robustness of 0.5, having a restoring beAm of 0’411 x 0 05, in order to recover the
source from the noise. The sources are contained within three pointings, detailed in Table 3. The distance given underneath the source name indicates the distanc
that companion to the primary pointing source (the prior source in the list). If no distance is given, the center of the image is near to the center of the primary pointir
A 0% (150 au) scale bar is shown in the lower left and the respective restoring beam is shown in the lower right.

through three roundsof phase-only self-calibrationbut the be less well constrained Moreover, we desired an alternate
second intervalised a 12.10 s solution intervabnd the final fitting method to measure the source parameters independent of
solution interval of 6.05 s corresponded to three integrations. the images produced with the CLEAN algorithm. For
The final self-calibrated data were imaged together using thecompletenessye conducted image-plane analységtailed in
CASA task clean with image sizes of 2048 x 2048 pixels Appendix C, and find the results between the uv visibility and
and 5 mas pixels. We made use of MTMFS imaging given the image-plane analysis are consistent within 3a.
wide fractionalbandwidth,restoring the images with a super- In order to utilize the full spatial constraints afforded by the
uniform weighting scheme to closely match the beam size of observationswe constructed a number of Gaussians eqtal
the 1.3 mm observations, and interactively cleaned using handthe number of sources in the uv visibilities. Similar techniques
drawn masks.The images were cleaned down to ~1.5x the  were applied to protoplanetary disks (Jennings etl. 2022a,
noise in each image (Figure 3). 2022b) to recover substructurewith >2x longer  effective
baselines than the reconstruction from CLEAN by fitting the
. - T, visibilities directly. We constrained the sources using Bayesian
2.3. Gaussian Fitting the uv Visibilities inference, fitting multicomponent 2D Gaussians to the
For the most compact companion sources(Per-emb-18,  visibilities of each individualsource using emcee (Foreman-
L1448 IRS3B, L1448 IRS3C, and SVS13A), the compact disk Mackey etal. 2013), dynesty (Speagle 2020), and pdspy
emission is only slightly larger than the size of the beam, so thdSheehan 2022). We restricted the uv visibilities fitting to scales
deconvolved P.A. andderived from image-plane analysis will smaller than 5 (by restricting the uv distance >400 kA) to
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ensure we fit the compact disk and not the extended emission of 3.2. Per-emb-5
D e Aol alerl % 101122080 par.omtSwas siso reviusly eporadto e a close
: P multiple <50 au with the VLA at 9 mm (Tobin etal. 2016b).

be within 0’5 of previously published results, and in the cases We in - o ;

) " . stead found continuum emission thappears consistent
.Of new detections we utilized the Ce”te”'f'g from the CASA tas'\/vith that of a disk surrounding what appeaprgd as two peaks in
imfit to form_the prior (a summary .O.f the imfit r(_esul’gs anq the VLA data (Figure 6).The disk appeared to have a central
the comparison with the uv visibility results is givenin cavity (centered between the two VLA peaksjand maybe a
Appendix C). single spiral arm to the west. There is an asymmetry across the

A summary of the fitted_parameters _is pro_vided in Table 4, minor axis of the disk and a flux enhancement in the southeast
and a summary of the projected 3D orientation vectors solved portion of the disk.

from fitting the uv visibilities is shown in Figure 4. The errors
reported are derived as the 10 uncertainty from the median of
the sampled posterior. 3.3.L1448 IRS3B
While all sources could be described by a Gaussiarthe L1448 IRS3B is certainly an exceptional source (Figure 7).
source L1448 IRS3A was best described with a ring (see The system is home to at least four compact continuum sources
Appendix A). The detailed analysisof L1448 IRS3A falls within 8", three of which are within 1" of each other.The
outside of the scope of this paper and we leave analysis of its brightestfeature,the tertiary companion commonly known as
disk structure for a future paper. Moreoevére uv visibilities L1448 IRS3B-C;js likely optically thick. The tertiary compa-
enable a more complete picture ofthe system and accurate  nion is embedded within one of the large spiral arms that stem
representation ofhe sourceswithout bias from the inherent from the inner disk to the outer disk. Zooming in to the center
beam geometries and subsequent clean procedure. of the systemfwo bright continuum sources are obviousne
just inside of an inner spiralarm/disk structure and one just
outside. We apparently resolved the “clump” as reported in
3. Results Reynolds et al. (2021) as the northeast portion of the inner disk,
and now report an additional faint compactsource nearthe
, ; - geometric center of the inner disk. The bright point
disks toward each multiple system within the survey at ~8 au | 1448 |IRS3B-A is now resolved as the southwesbrtion of

resolution for the 1.3 mm observations and ~26 au resolution the ring and a bright source just inside of the “ring” of the inner
for the 3 mm observationgind most circumstellar disks are at  yisk. 1448 IRS3B-B is just outside of the “ring.”

With these observationswe detected allthe circumstellar

least marginally resolved.The ALMA images are shown in We reproduce Figure 16 from Reynoldset al. (2021) in
Figure 1, with the respective beam sizes in the '°W9r'”/9ht Figure 7, denoting the locations of the kinematic centers for the
corner. While we resolved out much of the >100 au (>0"3) L1448 IRS3B system using various disk-tracing molecular-line

scale disk structures previously resolved (Tobin et al. 2018), wgpservationsand techniques. We visually depict the new
did recover a large variety of disk substructuresnever  geometric centeof the inner ring, which coincides with the

previously resolved toward these sourcedlVe briefly detail center of the “deficit” previously reported and overlaps, within
some key observations here and further discuss the morphol- observationaluncertainties, with the center point of the
ogies of the individual sources in Appendix A. kinematic centerslt is possible this newly resolved source is

another deeply embedded protostellar source and the disk could
harbor as many as four protostellar sources. For the purposes of
3.1. Per-emb-2 the analysis conducted later in this papeve do not consider
This source was previously reported to be a close multiple  this small fo";'jt sourcle atthe.é:en:ﬁrats anoth?rlndgpendentt
<50 au with the VLA at 9 mm (Tobin etal. 2016b),and was ~ SOUrce;instead,we only consider the two confirmed compac

further observed in Tobin et al. (2015a,2018) as a smooth continuum sources as protostar sources. The new source, while

continuum surface-brightness distribution at 1.3 mm (Figure 5)_confidently detected, is too faint to have its geometric

We resolved the compact binary (a ~80 ma4 au) in both parameters wellconstrained from Gaussian fittingWe refer

? f o this new source as L1448 IRS3B-D, centered at
the 1.3 mm and 3 mm obseryat_lons. Our observations resolve 3h95M36:306 30:45:14.93. The designation of sourcesin
much of the large-scaleemission, but further revealed a

ossible additionathree compackources with separations of L1448 IRS3B may need reassignmei the future once the
P ” ) P P nature of the source and the inner disk are better characterized
~07431 (~129 au),~1432 (~430 au), and ~05 (~150 au) with additional observations
for the southern (S/N = 25), northernmos{S/N = 22), and '
southernmost (S/N = 15) sources, respectively, relative to the
Per-emb-2-A sourceof the compactbinary. All of these 3.4.11448 IRS3A
compact sources(except the southernmostcompanion)are Within the same field of view as the L1448 IRS3B
found within regions of relatively enhanced surface brightness observations,we resolved the disk around L1448 IRS3A
within the Tobin etal. (2018) observationggresumed tobe a  (Figure 8). Previous ALMA 870 um observations hinted of
massive extended disKhe sources are presetd at least the  substructure in the surrounding circumstelladisk of L1448
50 level in the 1.3 mm and the 3 mm observations. It should bdRS3A, but were unable to determine the nature of the features
noted thatonly the compactsources -A,-B, and a marginal (Reynolds etal. 2021). Additionally, Reynolds etal. (2021)
detection ofthe brighter southern source -C appean 9 mm determined the structure was likely nepiral arms due to the
VLA observations (Tobin et al. 2016b), whereasthe more disk being relatively stable againstollapse.With the higher
diffuse sources, the northernmost -D and and southernmost -Eresolutions afforded by these observations,we resolve the
sourcesgdo not. circumstellarmaterial to be a ring surrounding a compact
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Table 4
uv Visibility Fitting Results

Name R.A. o Separation Gy Smin P.A. i Ts Int. Intensity

(J2000) (J2000) (au) (mas)  (mas) (deg) (deg) (K) (mJy)
L1448 IRS1 A +03:25:09.455*% %2 +30:46:21.8373599! L 19393 9333  28.0%1 61.13] 3977  48.60%
L B +03:25:09. 418*88804 +30:46:20.53 33993 416 5998 418, 12002 46.3]I 289 3.83%
Per-emb-2 A +03:32:17.936* 9991 +30:49:47.63+355! L 59'3 50'3 66.0°13 32128 351 2.59%1
L B +03:32:17.932:939  +30:49:47.70* 382 25 40'2 188 64.0°13 632197 112 0.8 338
L -C  +03:32:17.9357 3391  +30:49:47.27+ 581 109 174 67% 126.03 54.9%2 57 4793
L D +03:32:17.947:3%1  +30:49:46.28* 39! 408 363 5+2 122.08  80.93% 124 0.9°384
L -E +03:32:17.920733%  +30:49:48.17+33% 174 64+¢ 42°7  108.03 47333 34 1,154
Per-emb-5 +03:31:20.942+ 39908 +30:45:30.19* 3:9993 L 340°08 22132  30.092 49652 601 184.4 34
NGC 1333 IRAS2A -A  +03:28:55.575*& $& +31.14.36.92f8€ 05 L 8592 7133  112.037 33.83%F 2919 9259032
L -B +03:28:55.568_+8;3882 +31:14:36.31 _*8;8882 186 563 38938 13.03  46.2%2 593 9.7 31
Per-emb-17 A +03:27:39.112¢% 98 +30:13:02.97+% 82 L 50*33 37732  120.0%¢ 41.9%% 1356  16.59%3
L B +03:27:39.1237333%1  +30:13:02.74+533% 83 9537 5138 161.09% 57.3%4 417 10798
Per-emb-18+ A +03:29:11.26779999%  +31:18:30.99+ 59993 L 44+88 18] 73.03  65.13) 221 4.13%
L B +03:29:11.26093%97  +31:18:30.97* 33333 25 61] 14*3 80.0°] 76.8%2% 151 4.359%
Per-emb-21+ +03:29:10.674+ 39991 +31:18:20.09+ 33931 L 50°33 4834 7408 16.131 874 16.3332
Per-emb-22 A +03:25:22.417+% 08 430:45:13.16+ % & L 4992 32701 30.004  49.993 1415  13.99%
L B +03:25:22. 359+883°} +30:45:13.07 3399 227 438 2388 19088 56218 1021 5.4+ 3%
L1448 IRS3B+ A +03:25:36.324+ 39301 +30:45:14.81+3:30% L 52708 2333 25.037 63.73¢ 86.1 5.3 954
L B +03:25:36.319* 33997  +30:45:15.06* 33593 78 10098 63534 12038  s51.0%% 612 13.99%
L -C  +03:25:36.387+33%91  +30:45:14.64* 3393 247 20033 17893  25.03% 28795 564 78.391
L1448 IRS3A+ +03:25:36.506 39992 +30:45:21.80+ 33992 L 36392 142792 142.Q3% 49.131 114 75439
L1448 IRS3C A +03:25:35.675:% 92 +30:45:34.02*3% 32 L 13433 5893 38091 64537 553 @ 3525%
L -B  +03:25:35.6797& 92  +30:45:34.26+ 33991 72 66'33 30r9%2 38.09% 6259% 693 11.9°993
Per-emb-35 A +03:28:37.097+39%91  +31:13:30.71+ 39991 L 8197 3403 32093 65392 810 15100
L B +03:28:37.2257 33998 +31:13:31.67* 33597 570 1133 18] 48.0°97  80.83%  14.1 2.95%
NGC 1333 IRAS2B  -A  +03:28:57.379+39%%1  +31:14:15.67*3 0001 L 16293 9733  104.03% 53.353 1220  97.39%
L B +03:28:57.373+33%%  +31 :14.15.98_*0_0004 95 50138 43] 92.0¢8 20.33% 484 8.9 008
SVS13A+ A +03:29:03.772+33592  +31:16:03.71 33593 L 72:94 68938  80.04 20.3]% 2094  59.993
L B +03:29:03.748*33%93  +31:16:03. 73*88805 92 14138 11897 74033 35832 1056  87.68%%
SVS13A2+ +03:29:03.392+ 09008 431:16:01.52+ 09008 L 543 36"]  26.0F 47.833 646  9.4'03
SVS13B+ +03:29:03.0850992  +31:15:51.64+ 009! L 3024 1804 83.0]  53.3%9 368  48.108

Notes. The separations are given in units of au, which is derived based on the average distance to the Perseus molecular cloud of 300 pc. Companion separations
defined as the distance from the first target listed. For the uv plane nested sampling results, the models fit multiple Gaussians to the uv data rather than the image
which is sensitive to image-reconstruction efforts and the specific beam sipapigularly toward marginally resolved or unresolved sources.

source,which remains unresolved in these observatioffhe
compactcontinuum source appears slightly off the geometric detail in Appendix B.
centerof the ring, but this could be explained by projection

effects of an inclined disk on the observations.

4. Statistical Analysis of Orientations

(Tobin et al. 2016b,2018) and the algorithm is discussed in

4.2. Geometric Orientations

To investigate the proto-multiple disk orientation align-
ments, we measured the projected anguladifference of the
inclination and position angle of the disks With the full 2D

4.1. Companion Finding Gaussian fitparameters provided from CASA imfit and uv

visibility fitting, we constructed the orientation vectors for each
orientations in each mu|t|p|e Systenwe mustfirst determine of the sources. We assumed that the disks are aXisymmetriC and
which systems are associatedwith each other. While geometrically thin and solved forthe inclination of the disk
companions <100 au are mostly trivial to assign, systems with from the major and minor axis lengthsleconvolved from the
more than three sourcesand separationsthat range out to synthesized beam, via arccé@?) The position angle of the
~10,000 au require a more automated approach. We made usalisk is directly output from the 2D Gaussian fits as the angle of
of a method similarto the one implemented by Tobin etal. the major axis, deconvolvedfrom the synthesizedbeam,
(2022), which will automatically create the companion associa-oriented to the standard east-of-north.

tions by calculating the line-of-sight (LOS) distances given an  From a single continuum observation alone, we are
input catalog of positions. The systemsconstructed by this insensitive to the orbital motions of the disk, thus we were
algorithm are verified to be consistentwith prior studies unable to differentiate between aligned and anti-aligned disks.

In order to facilitate the analysis of the relative disk
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Figure 4. Summary of the source-fitting technique overlaid on the same image as FiguFé& orientation vectors (angles orthogonal to the disk major axis) are
indicated as colored lines for each of the fit sources. The blue line indicates the image-plane-derived orientation vectors, while the dashed red line indicates the uv
visibility-derived orientation vectorsSeveral sources have orientation vector centers that do not align between the two fitting technigigeis likely due to the
image-plane fitting being influenced by the larger-scale emission structure that is present such as Per-emb-2H&éEhe uv visibilities are selected to remove

spatial scales larger thalf 8 from the fit. We adopt the uv visibility fit for the purpose of the analysis and note the image-plane analyses are entirely consistent with
the presented results.

So, for our analysis, we restricted i to range from 0°-90° (such take full advantage of the spatial-dynamic range in the data. We
that face-on is 0°) and the position angle to range from 0°- present the image-plane fits in Appendix C and the results of
180°. The resulting dot product of the angular momentum the statistical tests in Appendix D.

vectors is normalized to fall between0 and 1, and we
constructed the summary plot in Figure 4 by overlaying
resulting orientation vectorson the continuum image from
Figure 1. In most sources the image-plane and the uv-visibility- Our goal is to statistically analyze the companion orienta-
derived orientation vectors are nearly aligned; however, for thetions within the sample and provide a robust way to
sourceswhere the compactdisks are either unresolved or characterize the ensemble sample @frientations.To do so,
marginally resolved, the methods yield slightly different we need to generate a sample of model protostellar configura-
vectors.In these casesfor the purposes of interpretationye tions to determine the mosprobable formation pathways for
favored the uv-visibility-derived resultsas these results will the observed sample. The protostellar configurations we

4.3. Models of Companion Orientations
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Figure 5. Left side is a 2 5 image of the Per-emb-2 system, whose inner binary has been resolved. The right side is a 2x zoom in on the source. The top row is the
ALMA 1.3 mm observations and the bottom row is the ALMA 3 mm observationsln both observations we resolve the compadhner binary but also report

potentially three additional companions, two more within the disk and the southernmost companion falling just on the edge of the image. This would make Per-emt
a possible five-companion protostellar system/”A 0 5 (150 au) scale bar is shown in the left panel$ and a 0 25 scale bar in the right panels. The beam is located in-

lower right of both imagesThe color map is square-root scaled.

considered forthe analysis are disks that are preferentially
aligned with each other, representingthe expectation of
companionsformed via disk fragmentation, and randomly
aligned disks,as would be expected to resulfrom turbulent
fragmentation.

To generate these configurations, the parameterswe
considered to generatea single system are the stellar
multiplicity, the position angle, and the inclination of the
compactcircumstellardisks (ignoring circum-multiple disks
and under the assumption thahe stellar angular momentum

similar studies carried out,but the results presented do not
significantly change if moderate deviations (£5°) from 30° are
chosenThe resulting distributions of predominantly preferen-
tially aligned systems are similar to population synthesis
simulations conducted by Bate (2018). Randomly aligned
systemsare constructed by drawing the position angle and
inclination from a uniform distribution of inverse cosine from 0
to 1.

For a rigorous statistical analysis, the observations need to be
compared againsé continuous distribution ofmodels. Thus,

axis and disk angular momentum axis are aligned). From theseve generated 10,000 modesystems (each system having at

parameters aloneye constructed our modetiistributions.To
model an empirically driven distribution of  proto-multiple
systemswe sampled multiplicity for separations between 20

least two sources) for each of the different fractions of systems
with fractional orientations,ranging from fully preferentially
aligned to completely random alignments. When extracting the

and 10,000 au, following the distribution of Perseus protostellarientation vectors of the constructed systems applied the

multiples of Tobin et al.(2022).

From these constructed systemwje generated a range of
possible protostellarconfigurations with various fractions of
aligned and randomly aligned orientationslhat is to say, a
system with a multiplicity of four sourcesand a fractional
orientation of 75% preferentially aligned sourcesand 25%
randomly aligned sources will have, on average, three
preferentially aligned sources and one randomly aligned
source.We inserted no bias or preferential weighting corresp-
onding to the separationsof the sourceswith regards to
alignment. Preferentially aligned systems are constructed by
drawing the position angle and inclination from a normal
distribution described by a FWHM value of 30° (Lee etal.
2019a). The choice of 30° is chosen to be consistent with

10

same 2D projection bias the empirical continuum observations
are subjecto (i.e., we normalized the P.Ato <180° and the
inclination to <90°). This provides an observation-like seff
models to compare directly with the observationsA visual
representation of the median empirical cumulative distribution
function (ECDF) for each of the constructed fractional
alignment distributions is shown in Figure %ith the median
ECDF of the observations with uncertainties overlaid in black.

4 4. Statistical Tests

For the observational and model datae evaluated the dot
product of the orientation vectors for unique disk pairs in every
system (counting each disk pair only oncege Table4). We
utilized an algorithm similar to the companion-finding
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Figure 6. Multiwavelength observations of the Per-emb-5 system. The upper panels are naturally weighted clean images from the 1.3 mm ALMA data. The middle
panels are from Tobin et al. (2016b) with a robustness 0.25 from the VLA 9 mm. The bottom panels are super-uniform clean images from the 3 mm ALMA data set
reported here. The disk is asymmetric and appears as a ring and a single-arm spiral structure. We overlay an ellipse and line to assist in defining the substructure
emb-5. A @1 (30 au) scale bar is shown in the lower left and the representative beam is in the lower right. The white contours start at the 50 level and iterate by 20
where 10 = 50 pdy bean . The color map is square-root scaled.

approach,where each compactbinary withina system is Since this underlying distribution is not known, we constructed
compared first. We then randomly selected a source from eacha grid of distributions thatwould cover the range of possible
compactbinary to use for further comparison This gives us alignment distributions. Each particular constructed distribution
Ns— 1 number of pairs per system, wherg N the number of is an aggregate sample of preferentially aligned and randomly
sources within a given system (a more detailed explanation is aligned distributions sampled via some fractionatatio (e.g.,
given in Appendix D). This resulting dot productis derived Co.75 UCq 5= 3-to-1, aligned to randomly alignedgtc.).

from the results of the uv visibility fitting (imfit analysis We then calculated the probability of each of the 10,000
remains entirely consistent with the uv visibility results and is resampled observed distributions being drawn with each of the
detailed in Appendix C). To account for the uncertainties in thefractional ratios (i.e.the null hypothesis; see Appendix E) by
observations and to resample the particular sources chosen foutilizing the two-sample Kolmogorov—Smirnov, Anderson—

the pairs, we recalculated each ofthe dot products 10,000 Darling, and Epps—Singleton probability tests (Hodges 1958;
times, sampling the fit errors assuming Gaussian uncertaintiesEpps & Singleton 1986; Scholz & Stephens 1987 Goerg &

This gave a suite of 10,000 realizations of the empirical Kaiser 2009 respectively)We seta null-hypothesis rejection
distribution, which are all consistentwith the observations threshold of 0.3% (30)such thatif the probability test could
within the uncertainties. reject the null hypothesis at the 3o threshold, we discarded that
We need to construct a distribution of alignments that could particular empirical distribution. We then counted up all of the
form the basis for the observationalunderlying distribution. distributions that passed this threshold, and summarize the full

11
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Figure 7. The left side is the 2" view of the system L1448 IRS3B, in which can clearly be seen the triple system and the spiral arm substructures. The right side is &
~4x zoom in on the inner disk of the binary L1448 IRS3B-AB. The top row is reproduced from Reynolds et al. (2021) using ALMA 870 pm continuum emission.
The upper-middle row is the current.3 mm, 8 au resolution observationghe lower-middle row has the 870 pym data as the background and the 1.3 mm data
overlaid as white contours. The lower row is the same 1.3 mm data but with diagrams to aid in visualizing the likely configuration of the disk. We now resolve the
inner disk to be a ring, and the so-called “clump” (see Figure 2; Reynolds et al. 2021) is the northeast side of the ring. We report the L1448 IRS3B-A source is now
resolved as just inside of the ring and L1448 IRS3B-B is now resolved as just outside of the ring. The separation between the two sources is well resolved and the
L1448 IRS3B-B source is resolved. Toward the geometric center of the ring there is compact emission. We also reproduce the kinematic centers as the numbers *
and “2” in the plot, as reported in Reynolds et al. (2021). TH23)(75 au) scale bar is shown in the lower left and the representative beam is in the lower right. The
white contours start at the 30 level and iterate by 100, where 10 = 20 puJy'b&he color map is square-root scaled. The contour representative beam is overlaid in
black at the lower right.

statistics in Table 5. Afull description of the tests and full set of observationsinto three subsamplesand perform
methodologies is given in Appendix E. To analyze the potentialanalysis on these subsamples.The subsampleschosen
signatures offormation mechanism pathwaysye divide the correspond to the maximum separation of companions, derived

12
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Figure 8. The source L1448 IRS3A is within the ALMA primary beam
centered on L1448 IRS3B.We resolve the circumstelladisk to be a ring,
surrounding the brightcompactsource.The data are reconstructed using a
Briggs robustness of 1. A0 1 (30 au) scale bar is shown in the lower left and
the representative beam is in the lower righthe white contours startt the

50 level and iterate by 200, where 10=17 pJy behrithe color map is linear
scaled.

from the fit parameters<100 au, <10,000 au,and >500 au.
Previous surveys of protostellar multiplicity (Tobin et  al.

Reynolds et al.

ruled out fully aligned and fully randomly aligned distributions
of disk orientation pairs. While it would be expected for
distributions of highly separated sources to consist of a higher
fractional ratio of randomly aligned systemswe found this
distribution is consistent with roughly an equal fractional ratio.

The results are not significantly different whether we use the
results from the image-plane or uv visibility analysidut the
results from the uv plane analysis tend to be favored as the
uncertainties in the fits are more constrained.

5. Discussion
5.1. Formation Pathways

There are two primary mechanismsfor multiple star
formation, disk fragmentationand turbulent fragmentation
during core collapse,which operate at various scales.Disk
fragmer}}ation operates on hundreds of au scales in massive
disks (370 0.1 that are gravitationally unstable (i.e.,
Toomre Q < 1), if the disk cools sufficiently fast (Gammie
2001). The outcomes of gravitational instability can be
observed directly (e.g.,Tobin et al. 2016a; Reynolds et al.
2021) but has also been extensively modeled (Kratter &
Matzner 2006; Boley 2009; Kratter et al. 2010b; Vorobyov
et al. 2013; Vorobyov & Elbakyan 2018). However, clear cases
of ongoing disk fragmentation are somewhat elusive aside from

2016b, 2020; Encalada et al. 2021: Tobin et al. 2022) found thd-1448 IRS3B,perhaps due to the shortimescales before the
average separation of companions to be ~75 au; thus, we chodlisk self-stabilizesby redistributing the angular momentum

100 au as the compadubsampleSince turbulentfragmenta-

tion can form on thousands of au scales and then migrate dow
to hundreds of au scales, we select scales >500 au to select t

subsample with a differentunderlying distribution.However,

our selection of subsample noticeably foregoes the sources th

fall within the range of separations100 < a < 500 au. This

selects out ~13 source pairs. While performing such a selectionf

cut reducesthe overall number of sourcesincluded in the

subsamples, the authors do not detect any major difference th

would change the findings.This particularcut of 100 < a <
500 au was chosen to ensure sourcesselected by the two
subsamples<100 au and >500 au would probe different
underlying distributions, minimizing the overlap in these
particular distributions and making the resulting statistical test
more sensitive to differences in the underlying distributions.

When the sample is limited to <100 au separations
(Figure 9, left panel),the statisticaltests imply the fractional
ratio of orientations is comprised primarily of preferentially
aligned sources with distributions ateast40% preferentially
aligned.

When the sample is limited to only extended companions
with separations >500 au (Figure 9,right panel), 15 source
pairs are analyzed,and we rule out distributions of fully
preferentially aligned companions down to 80% preferentially
aligned. The results of the statisticalresults for each of the
distributions appears equally likely forfractional alignments
between 50% and 70% preferentially aligned, thus we are not
able to conclusively determine the exact alignment ratio.

Our analysisfound the full observed sample(Figure 9,

and/or fragments.Turbulentfragmentation typically operates

Qn thousands of au scales in turbulecibud cores Moreover,
h%mulations show that systems may migrate significantly from
t

eir nascent locations (Ostriker 1999; Lee et al. 2019b) due to

ravitational attraction and initial velocities with respect to the
cloud core.Stars in these environments can become bounded
nd unboundedwith empirical evidence suggesting multiples
requently form via turbulent fragmentation (Murillo et al.
016). Therefore, it is likely that gravitational instability
roducescompanionswith compact separations(<100 au),
both pathways can produce companions with moderate
separations (<500 augnd a single mechanism may primarily
populate the more extended configurations at scales of
>500-10,000s of au.

While we cannot directly infer the evolution of any one
particular system, we can use statistical approaches to modeling
and determine the mostprobable formation pathway foran
ensembleof multiple systems.In particular, Bate (2018)
conducted hydrodynamic simulations of proto-multiples under-
going gravitational collapse in a viscous medium, and found for
a set of unbiased sources that the relative alignment angles are
not correlated with hierarchy numbeseparation distributions,
or age (see Figures 19 and 24 in Bate 2018). In addition, Offner
et al. (2019 showed thatsystems formed through turbulent
fragmentation are randomly aligned,and found that partial
misalignment persists even after inward orbital migration. This
was further supported by Lee et al. (2016) in observing
companions with separations a > 1000 au, who found a nearly
completely random distribution of alignment angles. Analyzing
our results of statistical tests (Table 5), we can statistically infer

middle panel), separations out to 10,000 au, is most consistentthe fractions of preferentially aligned and randomly aligned

with a hybrid population of multipleswith some contribution
from multiple systems with preferentially aligned orientation
vectors (up to 80% aligned sources) but is consistentwith
distributions down to 40% fractionahlignments We strongly

13

orientation pairs that are in the given sample.

We found for our particular Perseussample, for the
distribution of companions with separations<10,000 au,
distributions of a majority preferentially aligned orientation
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Figure 9. Left panel:corresponds to the subsample of compaimpanion separations (<100 au)liddle panel:the full companion sample with separations (a

<10,000 au). Right panel: subsample of extended companions (a > 500 au). The plots compare a median CDF constructed by resampling observational errors whe
calculating the dotproducts of the orientation vectorsEach colored line corresponds to a particular fractionalignmentratio and each panetorresponds to a

particular subsample. Each of the colored lines corresponds to a particular sample of fractional ratio distributions between a fully preferentially aligned distribution :
a fully randomly aligned distributionwith the given ratio in the color bar,as detailed in Section 4.4\Ve resample the data with Gaussian errors considering the
observational uncertainties and construct empirical CDFs. The solid black line is a median CDF for the CASA imfit results. The dashed black line is a median CDF
for the uv plane fit resultsThe red horizontal error bars associated with each ECDF represent the 1a uncertainty for the lower and upper bound, respéetively.
compact (<100 au) subsample is consistent with preferentially aligned distributions, with >80% of all sources having a dot product within 30°. The full sample and
extended companion subsample are consistent with a ratio of aligned orientations, with 60% of all sources having a dot product within 30°. The full statistical analy
is given in Table 5 and further discussed in Appendix E.

Table 5
Model uv Visibility Fitting Statistics

Fractional Alignment <100 au <10,000 au >500 au

Yoxs Y%np YoEs Yoxs %AD YoEs Yoxs %AD Yoes
C1.00UCo.00 100.0 100.0 325 0.0 0.0 0.7 0.0 0.0 19.9
Co.90UCop.10 100.0 100.0 2.1 0.9 0.1 48.3 46.6 5.3 99.9
Co.80UCop.20 100.0 100.0 0.0 85.6 80.8 84.1 100.0 100.0 100.0
Co.70UCop.30 100.0 100.0 0.0 100.0 100.0 99.9 100.0 100.0 100.0
Co.60UCop.40 99.5 99.0 0.0 99.9 100.0 99.2 100.0 100.0 99.4
Co.50UCop .50 69.7 82.6 0.0 91.6 99.0 93.4 98.0 100.0 94.1
Co.40UCo.60 48.1 442 0.0 51.3 724 73.8 55.2 90.5 68.6
Co.30UCo.70 334 5.7 0.0 7.9 8.2 37.6 9.0 3.8 26.8
Co.20UCop 80 6.9 0.5 0.0 1.0 0.1 13.2 0.5 0.0 7.7
Co.10UCop.00 3.4 0.0 0.0 0.1 0.0 4.4 0.0 0.0 2.5
Co.00UC1.00 2.7 0.0 0.0 0.0 0.0 2.2 0.0 0.0 1.3

Notes. The fractional alignment column details the fractional ratio of aligned vs. randomly aligned, as indicated by the sulxgct¥fits, #nd %:s correspond to

the % of resampled observation dot products that cannot reject the null hypothesis in favor of the alternative for Kolmogorov—-Smirnov, Anderson-Darling, and Epp
Singleton statisticatests,respectively The rejection criterion is evaluated &.3%. The total number of resampled observation dptoducts are 10,000The null

hypothesis tested is the empirical distributiomsid the corresponding constructed fractional distributions are drawn from the same underlying distribution.

pairs are ruled out,with at most80% preferentially aligned. aligned distributions, are formed primarily via gravitational
The a < 10,000 au sample also disfavors distributions of less instability, forming preferentially aligned pairdhis is similar

than 40% preferentially aligned sourcesWith the relatively to surveys of compact (a = 50 au) star—planet binaries (Dupuy
low number statistics (at most 21 pairs of sources), we were nadt al. 2022), which were observed to have mutual orbital
able to determine the exactunderlying fractional alignment inclinations <30°. The large spread in the fractional ratio tests
ratio that best describes the sample of sources. This is likely due to the low number of sources (n = 7) thathave
characterization of the subsamples and full sample is consistergeparationsa < 100 au. Bate (2018) shows an EDCF of
with synthetic radiation hydrodynamicsimulations of proto- compactcompanions thatippears to be mostonsistentwith
stellar clusters (Bate 2018). 80% preferentially aligned sources.

It is likely the more compact companions ofour sample The extended samples (a > 500 aight panelof Figure 9

(a < 100 au; left panel of Figure 9 and Table 5), which do not and Table 5) appear to reject distributions with more than 80%
rule out the null hypothesis in fractional ratio tests from 100% preferentially aligned sources and distributions with less than
preferentially aligned distributions down to 40% preferentially 40% preferentially aligned sources.
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The full sample (a < 10,000 auniddle panelof Figure 9 dynamicalinteractionsto more compact scales(a ~1 74 =
and Table 5) are likely more constrained due to the higher 420 au).
number of sources (n=21) and appear consistent with The companion of NGC 1333 IRAS2A is nearly orthogonal
distributions of 80%—-40% preferentially aligned sources. to the brighter primary sourcayith a much higher inclination
within the limits of our observationsOur observations for the
disk position angle are consistentith an angle orthogonal to
prior observations of the outflow position angles (Tobinadt
2015b). Similar to L1448 IRS1, this source could have formed
picture of an individual system, but they can provide a via turbulent fragmentation and then evolved via dynamical
statisticalway to characterize a sample ofsystems.To best interactions to more compact scales (a ~ 617 ma$85 au).
determine the formation mechanism of any particular system, a Per-emb-35 appears to be two similar source#h aligned
combination of multiwavelength observation®f continuum relative disk orientations, at a wide separation of
and molecular lines is neededVe would expectsources that 179 (~570 au). While the orientationsare aligned with an
have formed via gravitational instability to have separations onaverage relative orientation angle of19°, the source is not
the order of the continuum disk size (a = hundreds of au) and likely to have formed via gravitational instability. We report no
the kinematics of the system to be organized.On the other detection of circumbinary material or any dust continuum
hand, the formation of systemsvia turbulent fragmentation between the two sources. This coupled with the wide separation
happens on much larger scales (a = thousands to ten thousanaseansPer-emb-35 islikely to have formed via large-scale
of au). The sourcesformed at larger scales could further (thousands of of auinechanismslikely turbulent fragmenta-
migrate to ~hundreds of aupreserving no preferentiaélign- tion or dynamical capture,and migrated to more compact
ment of the kinematicsWe here discuss the likelihood of the  scales (hundreds of au).
observed systems deriving from these two formation mechan-  The sources Per-emb-21,1448 IRS3A, and SVS13B are
isms based on our 1.3 mm and 3 mm ALMA continuum wide (a > 1000 au) companion sources and additionally appear
observations combined with prior observations. to not be preferentially aligned toward the outer sources in the
respective systemsand are thus likely formed via turbulent
fragmentation.

5.2. Formation Mechanism of Individual Systems
The statisticaltests alone are notable to tell a complete

5.2.1.Disk Fragmentation Candidates

We detected circum-multiple materialin nine of the 11
observed sourcegPer-emb-5 is now classified as a single

source)in these observations (Figure 2)however,our array It is not readily apparent via which formation pathway NGC
configuration is less sensitive to extended emission.In all 1333 IRAS2B (a = 95 au) formedThe orientation vectors are
detected casesthe circum-multiple material was observed  relatively aligned within 40°, but this could be happenstance as
around Class 0 sourceswhile sources thatshow significant there is no circum-multiple materialfound in these or prior

misalignment do not show much CirCUm'mUItiple material observationsThe System could have formed atong separa-
within the detection limits of our observationsin selecting a tions and migrated to compact scales.

subsample consisting obnly Class 0 sources from our full
sample of sources we found the median relative orientation
angle between the sources in each system is 24° for the Class 0
sources.

Seven of the observed multiple systems are consisteith
having their <500 au companions formed via disk fragmenta-
tion. The sourcesPer-emb-2,Per-emb-17 Per-emb-18 Per-
emb-22,1.1448 IRS3B, L1448 IRS3C, and SVS13A appear
most consistent with the disk fragmentation formation pathway

In particular, for Per-emb-2 Pineda etal. (2020) found the
mass-infall rate exceeds that of the accretion rate derived from 1. We detected and confirmed all previously detected

5.2.3.Ambiguous Formation

6. Conclusions

We have presented very-high-resolution observations
(~8 au) toward 12 Perseusprotostellar multiple systems,
resolving and detecting 32 sources within the field of view of
the targeted sourcesWe observed the dust continuum at
1.3 mm and provide data a3 mm spatialresolution as well.
‘Our results can be summarized as follows:

the bolometric luminosity. This scenario providesfavorable
conditions to trigger gravitationainstabilities thatlead to the
fragmentation of the disk (Kratter et a010a).

These compactcircumstellardisks appearto be strongly
aligned and deeply embedded Class 0 systemsyith bright
circum-multiple disks (in some cases).

5.2.2.Turbulent Fragmentation Candidates

There are several other systems with separations a < 1000 au

which are not consistentwith disk fragmentation and likely

formed via a combination of other methods. The sources L1448

IRS1 and NGC 1333 IRAS2A are relatively compaciproto-
multiple systemswith strongly misaligned disks.

The companion (a = 418 au) of L1448 IRS1 is nearly
orthogonalto the brighter primary source This source could

have formed via turbulent fragmentation and then evolved via

multiple systems from the VANDAM observations
(Tobin etal. 2016b,2018) exceptone, and we detected

a total of 32 sources. Per-emb-5 is the only source that we
reclassified as a single source.

. We detected circum-multiple continuum emission in

seven of the 12 systems;onsistentwith other observa-
tions at lower resolution.

. We statistically characterizedour full sample of 11

Perseus protostellar multiples {Ms = 21), with separa-
tions <10,000 au,to be consistentwith forming from a
combination of gravitational instability and turbulent
fragmentation pathways, with the underlying distribution
described as 40%-80% preferentially aligned systems (or
conversely 60%-20% randomly aligned systems).

. We selected a compacsubsample ofthe sourceswith

separations<100 au (Npairs =7), and we found an
underlying distribution of at least 40% preferentially
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aligned and we ruled oudistributions thatare predomi-
nantly randomly aligned.

5. Futhermore we selected an extended subsample tife
sourceswith separations >500 au (M= 15), and we
found underlying distributions of 40%-80% preferen-
tially aligned companions are equally likely.

6. Combining our statisticalapproach with prior observa-

Reynolds et al.
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tions, we determined seven of 12 of our systems are morand NAOJ. The National Radio Astronomy Observatory is a

consistentwith disk fragmentation,while three systems
(and three wide companionsare more consistentwith
turbulent fragmentation. One system, NGC 1333
IRAS2B, has an ambiguous formation pathwayDeter-
mining the formation mechanism via the statistical
approach gives the likelihood of the sample being
consistentwith some underlying distribution of aligned
and misaligned disk,whereas combining this approach
with multiband observations detailing larger-scale struc-
tures and molecular-line featureswill give the most
holistic determination.

7. Toward Per-emb-2we detected the previously reported
compact(a = 24 au)binary Per-emb-2-A/-B,two addi-
tional possible companions Per-emb-2-C/-3nd addi-
tionally a potential fifth companion, Per-emb-2-E,
embedded within the northern part of the disk.

facility of the National ScienceFoundation operated under
cooperative agreement by Associated Universities, Inc.

Appendix A
Notes on Specific Sources

A.1.Class 0
A.1.1.Per-emb-2

We continue our discussion of Per-emb-2,a previously
reported close multiple (a < 50 au)lVe resolved the compact
binary (a ~80 mas, =24 au) in both the 1.3 mm and 3 mm
observations,and from our observationsfurther revealed a
possible additional three compact sources.

Tobin et al. (2018) observed a velocity gradient’@0 and
C'®0 centered on the compact binary of Per-emb-2-AB.

8. Per-emb-5 is now resolved and appears as a ringed disk Severalother studies have also detected the outflow from

with a single spiral arm extending to the west. The doublePer-emb-2-AB (e.g.,Tobin et al. 2015b; Yen et al. 2015;
peaks as appeared in the VLA data were likely associated>tephens etal. 2018), but none have had the resolution or

with bright peaks along the ring, and the underlying disk

structure was below the surface-brightnesdimit of

the VLA.
9. Toward L1448 IRS3Bwe resolved the compacing of
the inner disk and resolved the previously detected
IRS3B-A, -B as compact sources just inside and outside
of the ring, respectively.Additionally, toward L1448
IRS3B, while faint, we confidently detected an additional
continuum source athe geometric centeof the inner-
disk ring. This might be emission surrounding a more
central protostellar source that could dominate the
gravitational potential given that it is near the two
kinematic centers as described with the molecular lines
C'0 and C'0.
Toward L1448 IRS3A, we resolved the disk to be a ring
and an unresolved compacbntinuum source surround-
ing the central protostar at the geometric center of
the ring.

10.

These resultswhile unable to determine with certainty the

relative contribution of the different formation pathways due to

the low number of systemssuggesta path for characterizing
multiple star formation with future surveys. To best utilize the
methods described, the highest-resolutionsurveys toward

larger samples of multiples are required to confidently resolve

the mostcompactscales of the circumstellar disks around the
protostars.
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sensitivity to detectwhich of the two compactcomponents is
driving the outflow. Also, there do not appear to be detectable
outflows originating from any of the companion sources.

A.1.2.Per-emb-5

Previous SubmillimeterArray (SMA) observations toward
Per-emb-5 at1.3 mm targeting the ¢%0 (2—-1)and CO (2-1)
molecularlines indicate a rich gas presence in the disk and
envelope (Stephens edl. 2018; Heimsoth etal. 2022). The
source also exhibits bipolar outflowsgs evidentin the SMA
data, which are orthogonal to the major axis of the continuum
disk in these observationsThe C'®0 observations shown in
Heimsoth et al. (2022) exhibit a velocity gradient that is in the
same direction as the outflow with ~3” (900 au) resolution,
along the minor axis of the disk that we detect. Thus, the
envelope may be influenced by the outflow (Arce &
Sargent 2006), or there is infall from a flattened envelope (Yen
et al. 2011). Higher-resolution kinematic observationsare
required to determine at what scale the disk rotation is
detectable.

A.1.3.L1448 IRS3B

Reynolds et al. (2021) observed © in the disk of IRS3B.
C'70 appears to trace well-ordered Keplerian rotation on the
scale of the continuum disk (see Figure 4; Reynolds et al.
2021). Considerin1g70nly the high-velocity Doppler-shifted
channelsof the C 'O emission, which should trace scales
closestto the center of mass,the kinematic centerof C'’O
coincides with the position of L1448 IRS3B-D. In Figure 7, we
compile our observationsat 1.3 mm and observations by
Reynolds etal. (2021). We plot the kinematic centers of the

O molecular-line observations using the position—velocity
diagram fitting technique (i.ef1”) and the Bayesian analysis

supported by an NSF Astronomy and Astrophysics Postdoctoralf kinematic flared disk uv visibility modeling (“2”) with the
Fellowship under award AST-2102405. D.M.S.-C. is grateful fopdspy software (Sheehan 2022). We also indicate the position
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Peremb.18 3.1e+00 shows a clear velocity gradient in the same plane as the

2.3e+00 companionsA bipolar outflow is also seen by Tobin et al.

0.50

E 0.25 1.664+00 (2018), but the extended emission of the outflow is better
™ recovered by observations from Stephens ei. (2018). The
:(i 0.00 ‘ aly| 7-8e-01 outflow position angle is orthogonato the orientation of the
= LSRR binary system and the orientation of Per-emb-17-A.

< 025 Per-emb-18 We detected both the extended circumbinary

structure reported in Tobin et al. (2018) and resolved the

950 9-0e-01 separation between the compact binary (a ~ 32 au) as reported

s 6-8e-01 ] in Tobin et al. (2016b).The binaries are situated in the near
g . - 4.5e-01 s geometric center of the circumbinary disk (Figure 10). There is
™ .00 P an apparent surface-brightness asymmetry that could appear as
N N an azimuthal asymmetry if viewed more face-on (e.g., van der
T o5 WNRELA ™ IS Marel 2015). When viewed at 9 mm, the circumbinary disk

appeared one-sidedvhich could be due to a combination of
0.50 2.8e-04 lower surface-brightness sensitivity from the VLA and dust
Q?P 076) 090 0}‘) Q?P & 090 & Qé trapping due to a vortex created by the inner binary pair (van

der Marel 2015). The binaries themselvesare similar in
Figure 10. Left side is an 4 0 image of the Per-emb-18 system, and the right physical structure and brightness between the 1.3 mm and the
column is a ~4x zoom in.  The upper panels are Briggs weigHted with a 3 mm obsewat|on§The C|_rcur_nb|1nary mager'al is shown _tO
robustness parameter of tlean images from the 1.3 mm ALMA dataThe have a clearvelocity gradientin BCO, C™®0, and H,CO in
bottom panels are super-uniform clean images from the 3 mm ALMA data. WeTobin et al. (2018), These velocity gradients are orthogonal to

resolve the compact inner binary of Per-emb-18 and resolve the circumbinary . ;
disk. We report in both 1.3 mm and 3 mm observations the circumbinary disk chO?l gyglgmtsrg&egt23{228:202)(Stephens etal. 2018; Tobin et al.

is asymmetric in flux, with the eastside being enhanced as compared to the - Lo
westside. The compacinner binary is located athe geometric center of the Per-emb-21. Within the same pointing of Per-emb-18, Per-emb-

circumbinary disk. The compact disks of the individual sourcesremain 21 is detected14” (4230 au)from Per-emb-18. The disk

unresolved in both obsgrvations. _A(D(30 au) scal_e bar is shown in th(_a lower surrounding Per-emb-21 is marginally resollrethwer-resolu-

left and the representative beam is in the lower right. The color map is square- . . 1 L .

root scaled. tion observationshere appears to be © emission connecting
Per-emb-18 to Per-emb-21nd in Heimsoth efal. (2022)they
found that there is a ~1 km'sLOS velocity difference between

of L1448 IRS3B-A,-B, derived from previous observations, the two sourcesRotation on <100 au scales has ngét been

which we now resolved as two sources just inside and outside detected toward Per-emb-21.

of the ring, respectively.Finally, we draw a visual aid Per-emb-18 and Per-emb-21 also appear to have entangled

indicating the proposed geometric configuration dhe inner CO outflows as reported in Stephens adl. (2018). The Per-

disk, which now appears as a ring with a faint, but confidently emb-21 outflow appears much brighter and wider than the Per-

detectedcontinuum source located dlhe geometric center of  emb-18 outflow. The wide-angle (~90°) outflow spans

the ring. . ~9000 au and encapsulates both sources in the plane tfe

NGC 1333 IRAS2A. We resolved the binary of NGC  sky. However,our reported position angles of the disk major

1333 IRAS2A and resolved the brighter compact source NGC axis are consistentvith being orthogonalto the CO outflow

1333 IRAS2A-A. We also detected faint extended emission  gmission as reported in Stephens et(@018).

around NGC 1333 IRAS2A-A alow surface brightnessThe Per-emb-22 Toward Per-emb-22we marginally resolved

compact faint componentNGC 1333 IRAS2A-B does not the compactdisks around each compa¢a ~ 263 au) source,

appearto have much extended emission and is marginally 54 e detected a connecting “bridge” between the sources in

resolved in these observation§he sources appeared oriented continuum. Additionally, Per-emb-22-B appearto have an

nearly orthogonal to each other in continuum. Bipolar outflows asymmetri;: oblate disk’extending toward the south and has a

have been observed toward IRAS2AIn  several studies large, possibly rotating circumbinary structure in continuum

(Jargensen efl. 2005; Plunkett et al. 2013; Codella et al. . . . .
Codella 2014; Tobin et al2015b; Jargensen et £022). The and molecular lines (Tobin et al. 2015a). The velocity gradient
i , ©019 ' was more evident at ~1” (300 au) resolution than at

two outflows are nearly orthogonal to each other and appear to o . ;
originate from the two components of the system. The outflow 03 (90 aujresolution in Tobin et al. (2018). There is a
position angles are approximately orthogonal to the major axis clear co)utflow fr(_)m Per-emb-22 (Stephens et aI.. 20_1 8) th_at is at
of each presumed driving source. Other molecular gas emissioft “49° @ngle with respect to the plane of the binaries. Higher-
has been characterized toward IRAS2A (Tobin edl. 2018). resolution maps of CO from Tobin et al. (2018) seem to show
There is a possible velocity gradient in C'®0, but the that the more prominent outflow originates from Per-emb-22-B
kinematics do not appear highly organized on scales’>0 3. while there might be some evidence for a second outflow from
Per-emb-17 We resolved the compactdisks toward each ~ Per-emb-22-A.
componentof the binary (a ~ 86 au) and detected the faint L1448 IRS3CWe resolved both disks of the compact (a ~
circumbinary material;circumbinary gasemission wasalso 72 au)binary L1448 IRS3C.We detected faintcircumbinary
previously detected by Tobin et al. (2018). The northern continuum emission at the limit of our observations. The disks
source,Per-emb-17-Ajs brighter and less extended than the  appear nearly aligned and the southern source is much brighter
southern sourcePer-emb-17-Bwhich appears appears more than the northern source. This system is also a wide companion
edge-on.The circumbinary gas detected in ¢80 and '*CO to the L1448 IRS3A/IRS3B systempcated ~5300 au away.

zoom-in
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Tobin et al. (2018) reported observations of L1448 IRS3C
with disk-tracing molecules C'®0 and '3CO, and found
position angles of the velocity gradients corresponding to
220°, consistent with the major axes of the disks we observed
here. There is also a velocity gradient in the circumbinary
emission, consistent with orientation of the binary, in'561@
and C'®0. Outflows have been observed from L1448 IRS3C
(Lee et al. 2015; Tobin et al. 2015a),but even the highest-
resolution?CO maps thus far from Tobin etal. (2018) only
detect a single outflow.

SVS13 A.This is a compact (a ~ 92 au)

963:164 (25pp)2024 March 10

binary with

Reynolds et al.

Table 6
RAC1999 VLA20
imfit Results

03:29:4.256

31:16:9.03
Separation 9” (2700 au)
Int. intensity 1.80 mdy
Peak 0.48 mJy beand
P.A. 142°
Omajor 73 mas
Ominor 31 mas

prominent spiral arms that were also seen in Tobin et al. (20183

and Diaz-Rodriguez et a[2022).We detected the circumbin-
ary one-armed spiralcontinuum and resolved each compact
circumstellar disk. We also detected the unresolved wide (a ~
1830 au) companion SVS13 A2. Additionallye detected the
wide (a ~4770au) companion SVS13 B. We resolved
SVS13 B,but due to limited sensitivity far out in the primary
beam the image is very noisy. Tobin et al. (2018) found
apparentrotation in the circumbinary spiral structure,while

higher-resolution data from Diaz-Rodriguez et al. (2022) found

rotation across the two binary sourcesand circumstellar
rotation from one.

Stephens all. (2018) found the outflow position angle to be
150° + 10°, which is approximately orthogortalour reported
disk position angle of ~70°Tobin etal. (2018) found the disk
position angle to be ~220° (180° symmetry yields angle ~50°)
evaluating the angle of the velocity gradientthe disk-tracing

molecules &0 and'3CO. This is consistent with the average of

the position angles for the two compact sources SVS13A-AB.

RAC1999 VLA20. We detected the continuum source
RAC1999 VLA20. However, it is believed to be an extra-
galactic source (Rodriguez et dl999; Tobin et al.2016b) so
the source is notconsidered for the purposes of the analysis
conducted in this papeA summary of the observed source is
provided in Table 6.

A.2.Class l/ll Protostars
L1448 IRS1. The bright disk of L1448 IRS1-A, the northern

source, is well resolved and is likely the most evolved source iny, ;rce NGC 1333 IRAS2B

our sample. This source has a bright disk (25 x 12 mas,
=75 x 36 au). The fainter, southwest companion is marginally
resolved orthogonalto the beam. Previous observationsof
L1448 IRS1 reported a disk position angle 0f24° based on
continuum observations (Tobin el. 2018), and we reporta
consistentposition angle of 25°.Analyzing the CO emission,
which is tracing the disk toward L1448 IRS1-A, coincides with
the major axis of the disk and is likely tracing only the gas
component of the disk and not the outflows.

L1448 IRS3A.Within the pointing of L1448 IRS3B, we
detected this wide (a ~ 2280 au),more evolved companion.
Furthermore we resolved the substructure ofhe continuum
disk to be a clear circumstellar ringThe compactinner disk

centered at the geometric center of the ring remains unresolve

in these observationsand the relative orientation cannobe
determined to be different with respect to the outer ring.
Previous observationsof L1448 IRS3A reported the disk
position angle to be ~130° (Tobin et al. 2018; Reynolds et al.
2021) based on the position angle ofthe ring and apparent

]

Note. The CASA imfit fitting results for the source RAC1999 VLA20,
which was detected in the field of SVS13A. This source is believed to be
extragalactic and not considered part of the SVS13A system.

analysisin this paper, we assumed the innercompactdisk
orientation would be comparable to the orientation of the ring.
Rotation of the outer disk has been traced iff0, *CO, and
C'70, and the inner disk, close to the scales of the inner
compact continuum source, has been traced in,80nsistent
with the outer disk (Tobin etal. 2018; Reynolds etal. 2021).
The origin of the ring is beyond the scope of this paper, but we
can report that we do not detect a continuum source within the
gap between the inner continuum source and the ring.
Per-emb-35We marginally resolved the continuum emis-

RYon toward each of the sources,which are separated by

~644 au, and reportno obvious detection ofany continuum
emission between the two compact sources.

Observations of the CO outflows in Stephens at. (2018)
show an outflow position angle of 123°, and Tobin et al. (2018)
detected what appearto be parallel outflows from each
protostar. Due to the compact nature of the circumstellar disks,
rotation within them is not clear, though Tobin et al. (2018) did
detectcompactblue- and redshifted HCO and SO thatcould
be fromthe disks. With our higher-resolution 1.3 mm
observationswe reporta disk position angle of 31° for Per-
emb-35-A, which is consistentwith being orthogonal to the
outflow as reported in Stephens et é2018).

NGC 1333 IRAS2BThe disk around the brighter southern
-A, is wel resolved. The companion
source ~95 au away is marginally resolved and visually
appearsmisaligned to the brighter source. Stephenset al.
(2018) reported an outflow position angle of 24° + 10°, which
is consistent with an earlier map by Plunkett et al. (2013). We
reported the disk position angle of IRAS2B-A to be 104°,
which is nearly orthogonaWith the reported outflow position
angles.Meanwhile, the companion IRAS2B-B appears rela-
tively aligned (8 = 30°) with the brighter IRAS2B-A source.
Clear rotation across the binary or toward either disk has not
been observed, although Tobin et al. (2018) found emission to
generally be concentrated northeastf IRAS2B-A, toward
IRAS2B-B, with SO having the greatest likelihood of

xhibiting a velocity gradient!*CO and H,CO appear on the
ortheastside of IRAS2B-A, while C'®0 appears almost
entirely on the west side of IRAS2B-B.

Appendix B
Companion-finding Algorithm

orthogonality to the outflows observed by Lee et al. (2015) and The algorithm is given an initial catalog of input positions

Tobin et al. (2018). As such, for the purposes of the statistical

18

and derives the LOS separations between each of the sources.
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Companion Finding Algorithm
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Figure 11. Demonstration of the companion-finding algorithm used to associate the observed sources within each dgydt@mcase,the companion maximum

distance is 500 au. The algorithm first attempts find the most compact pair within the maximal defined distance and groups them together, reinserting the geometri
center of the group into the source list. The algorithm then finds the most compact pair within the maximum distance allowed and groups these two. In the plot, all «
the example sources are shown in red crosses. At “Step 1,” the algorithm finds the most compact pair. In “Step 2,” the next most compact pair is a companion to th
first binary, thus making a triple-source system. The algorithm continues until no more sources meet the distance criteria, arriving at a quad-source system, a triple
source systemand a single-source system for this example.

Appendix C

The algorithm first att ts to find th t t
> agormnm nirst  anemp’s ‘o fin © Most compac Gaussian Fitting in the Image Plane

pair within the defined distance criteria and groups

them together,reinserting the geometric center of the group Using the CASA task imfit, we fit all of the sources using 2D
into the source list. The algorithm then rederives the most Gaussians in the image plaride initial estimates provided for
compact pair within the maximum distance allowed and fitting were single 2D Gaussians on each individe@hpanion

groups these twoagain reinserting the new geometric center  with a Gaussian peak flux density equal to the peak flux density in
into the list. In Figure 11, we show an example case of eight the image and the beam characteristics as the Gaussian geometry.

total sources,indicated as red crosses. At “Step 1,” the A few sources needed to be represented with two components, an
algorithm finds the most compact pair and groups them unresolvedpoint source and an extended 2D Gaussian:
(System 1). In “Step 2,” the next most compact pair is a L1448 IRS1, L1448 IRS3B-C, L1448 IRS3C, and NGC
companion to the first binary, thus making a triple source 1333 IRAS2B.The resultsof the deconvolved 1.3 mm image-

system (System 1). At “Step 3,” the next most compact pair is plane fits are summarized in Table 7 and the resultsof the

a separate pair further away (System 2). At “Step 4,” another deconvolved 3 mm image-plane fits are summarized in Table 8.
group is made from separate sources (System 3). In “Step 5,”  The results of Gaussian fitting enable us to analyze the disk
Systems2 and 3 meet the distance criteria, and thus are geometries of all of the sources. For faint, marginally resolved
merged together to form System 2, now a quad-source system(<3 beams) or unresolved sourcethe recovered structure of
The algorithm continues until no more sourcesmeet the the source approaches the inherdrdam geometryFor well-

distance criteria,arriving at a quad-source systema triple- resolved sources with brightemission,these effects are less
source systemand a single-source system for this particular  important; howevertoward the more compact and marginally
model. This produces nine pairs of comparison disk resolved continuum sourcesthe source parametersderived
orientations. from Gaussian fits are less well constrained.
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Table 7
1.3 mm Image-plane Fitting Results
P.A.
Name a 4] Separation Snaj © Snin®  Oemor P.Af Error i i Error Ts Int. Intensity
(J2000) (J2000) (au) (mas xmas) (mas) (deg) (deg) (deg) (deg) (K) (mJy)

L1448 IRS1 -A +03:25:09.455 +30:46:21.84 L 62 x 29 2 247 1.6 62.7 4.2 80.4 9.8
L -B +03:25:09.418 +30:46:20.53 418 51 x40 4 1240 137 38.3 6.1 30.7 4.1
Per-emb-2 -A +03:32:17.935 +30:49:47.63 L 62 x 28 45 19.0 90.0 634 126.9 4.6 0.3
L -B +03:32:17.932 +30:49:47.70 27 62 x 28 45 19.0 90.0 634 126.9 7.0 0.5
L -C +03:32:17.934 +30:49:47.29 101 150 x 116 18 121.0 253 394 11.1 10.9 9.1
L -D  +03:32:17.946 +30:49:46.30 400 62 x 28 45 19.0 90.0 634 126.9 9.0 0.6
L -E +03:32:17.920 +30:49:48.19 179 88 x 65 27 1576 484 42.6 30.8 5.0 1.6
Per-emb-5 +03:31:20.942 +30:45:30.19 L 331 x 215 6 304 2.2 495 2.3 57.4 176.2
NGC 1333 -A +03:28:55.575 +31:14:36.92 L 80 x 66 2 115.6 7.9 34.0 2.4 2641 83.6

IRAS2A
L -B +03:28:55.568 +31:14:36.31 185 63 x 35 4 17.0 4.0 55.8 7.6 66.3 10.9
Per-emb-17 -A +03:27:39.112 +30:13:02.98 L 48 x 37 1 117.8 4.4 40.6 1.9 130.4 15.9
L -B +03:27:39.123 +30:13:02.73 84 99 x 52 3 158.5 25 58.6 4.6 32.2 8.2
Per-emb-18+ -A  +03:29:11.267 +31:18:30.99 L 62 x 36 10 63.4 16.2 54.3 26.0 304 5.7
L -B +03:29:11.260 +31:18:30.97 28 94 x 40 12 77.0 8.7 64.8 27.9 255 7.3
Per-emb-21+ +03:29:10.674 +31:18:20.09 L 50 x 47 2 83.1 26.1 21.8 1.8 85.4 15.9
Per-emb-22 -A +03:25:22.417 +30:45:13.16 L 44 x 28 2 37.0 4.7 50.0 5.8 130.5 12.9
L -B +03:25:22.359 +30:45:13.08 227 18 x 15 2 13.7 52.5 334 8.2 74.8 4.0
L1448 -A +03:25:36.324 +30:45:14.81 L 32 x12 8 271 12.5 68.6 67.9 54.3 3.3

IRS3B+
L -B +03:25:36.318 +30:45:15.06 78 78 x 55 4 343 8.7 446 5.5 493 11.2
L -C  +03:25:36.387 +30:45:14.64 248 193 x 168 4 44.0 71 29.2 1.3 54.5 76.1
L1448 +03:25:36.502 +30:45:21.83 L 677 x 233 24 134.2 1.7 69.9 7.6 4.5 30.1

IRS3A+
L1448 IRS3C -A  +03:25:35.675 +30:45:34.02 L 149 x 96 5 18.9 3.9 50.1 4.1 115.8 73.7
L -B +03:25:35.678 +30:45:34.26 72 72 x 43 16 17.9 37.0 53.4 30.2 79.6 13.7
Per-emb-35 -A +03:28:37.097 +31:13:30.72 L 81 x 33 2 31.6 1.0 66.0 3.6 78.6 14.7
L -B +03:28:37.225 +31:13:31.67 570 91 x 27 2 48.0 1.1 72.8 4.3 62.3 12.7
NGC 1333 -A +03:28:57.379 +31:14:15.67 L 163 x 97 2 104.3 1.1 53.7 1.2 126.1 100.6

IRAS2B
L -B +03:28:57.373 +31:14:15.98 95 51 x 42 6 82.3 37.9 35.1 101 49.0 9.0
SVS13A+ -A +03:29:03.772 +31:16:03.71 L 70 x 66 4 77.3 474 20.6 2.4 199.3 57.0
L -B +03:29:03.748 +31:16:03.73 92 146 x 120 5 70.6 9.4 35.1 2.7 102.8 85.3
SVS13A2+ +03:29:03.391 +31:16:01.53 L 49 x 33 7 47 23.1 48.2 16.1 59.0 8.6
SVS13B+ +03:29:03.085 +31:15:51.64 L 218 x 131 18 79.4 8.5 53.2 11.2 21.4 28.0

Notes. The Gaussian image-plane fit results utilizing the CASA imfit routine. The sources were given estimates to begin the fitting routine but were otherwise not

restricted by any bounding values. The separations are given in units of au, which are derived based on the average distance to the Perseus molecular cloud of 3C
Companion separations are defined as the distance from the first target listed.
@ The values for P.Aare defined as the angle of the major axésjented east-of-norttThe values forsmaj, Smin, and P.A.are deconvolved from the beam.

Table 8
3 mm Image-plane Fitting Results

Name a e} Separation  Sngj ~ Smin° Oerror P.AZ P.A. Error i Ts Int. Intensity

(J2000) (J2000) (mas) (mas x mas) (mas)  (deg) (deg) (deg) (K) (mJy)
Per-emb-2 -A +03:32:17.93  +30:49:47.73 L 108 x 48 0 26.4 0.0 63.3 16.2 0.7
L -B +03:32:17.94  +30:49:47.68 85 108 x 48 0 26.4 0.0 63.3 28.5 1.3
L -C +03:32:17.93  +30:49:47.34 393 152 x 82 27 114.2 27.7 57.1 17.2 3.1
L -D +03:32:17.92  +30:49:48.19 491 88 x 69 16 11.6 30.1 38.0 8.7 0.4
L -E +03:32:17.94  +30:49:46.32 1424 108 x 48 0 26.4 0.0 63.3 5.1 0.2
Per-emb-5 +03:31:20.94  +30:45:30.23 L 264 x 180 10 28.8 43 471 55.1 24.8
Per-emb-18 -A +03:29:11.26  +31:18:31.04 L 34 x 16 18 97.1 82.5 62.3 24.7 1.0
L -B +03:29:11.26  +31:18:31.02 86 0x0 42 27.0 0.0 0.0 20.1 0.9
Per-emb-21 +03:29:10.67  +31:18:20.14 L 57 x 34 6 166.7 11.3 53.1 26.1 5.1

Notes. The Gaussian image-plane fit results utilizing the CASA imfit routine. The sources were given estimates to begin the fitting routine but were otherwise not
restricted by any bounding values.
@ The values for P.Aare defined as the angle of the major axésjented east-of-norttThe values forsmaj, Smin, and P.A.are deconvolved from the beam.
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Appendix D With the inclination and position angle of each of the
Comparison of Orientation Vectors companions within a system,we can determine the relative
orientations of each of the sourceslNe compute the relative
orientation pairs in a way consistent with the companion-
finding algorithm previously described by firstomparing the
h . . . most compact binaries within each system. For sources within a
p_Ian_e_. While the image-plane-derived resultslo not c_jlffer multi-body system which are not in a compact configuration, a
significantly from the uv plane results, for the marginally _ 5rce from the compact binary is chosen for comparison. This
resolved sources the image-plane results are less reliable. Th'%ethodology is referred to as “Method A” in this work. Similar
is because for marginally resolved sources the inherent shape gffgies of synthetic simulations compared the orientation of the
any recovered source will be nearly identical to the beam compact circumstellar disks against the known bound orbit of
geometry, albeit this affect is mitigated in using the the constructed protostars (Bate 2018). In our observations, for
deconvolvedvalues, but the deconvolvedvalues are less sources with a typicalseparation of>50 au, the orbital time
accurate at low S/N. We show the uv plane and image-plane filyould be >300 yr, thus the orbital parameters are nowell

We determine the orientation vectorsof each source via
independenfitting of the image plane using the CASA task
imfit and by fitting 2D multicomponent Gaussians to the uv

inclination and position angles in Figure 12. The two constrained. While other observational studies compared
techniquesare in good agreement within the observational outflow angles to the relative orientation of the larger
uncertainties. filamentary structure (Stephens at. 2017), it is known that

Comparison of Fit Parameters
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Figure 12. Comparison of the uv visibility fit and imfit-derived inclination and position angle orientations for each of the sources. In the cyan “Y” the inclination
orientations are shown between 0° and 90° and in the red “+” the position angle orientations are shown between 0° and 180°. The respective error bars for each fit
also shown, where the uv visibility errors correspond to the isometric 10 average uncertainty in the posterior. The one-to-one line demonstrating the two fit method
return the same result is plotted in black. There appears to be no clear systematic difference for the two fitting schema, as all sources are within 30 of the one-to-ol
line. The uv visibility fit would be able to achieve higher-resolution fits as compared to the image-plane fit, thus the uv visibility fit is likely more consistent with the
true compact disk orientation.
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Table 9
Model Image-plane Fitting Statistics

Fractional Alignment <100 au <10,000 au >500 au

%KS %AD %ES %KS %AD %ES %KS %AD %ES
C1.00UCo.00 7.7 51.6 40.8 0.0 0.0 4.2 0.3 0.0 35.6
Co.90UCo.10 95.8 98.6 16.8 0.9 0.1 10.6 18.2 5.8 55.0
Co.80UCo.20 99.8 100.0 6.8 29.1 214 28.7 78.2 70.6 67.3
Co.70UCo.30 100.0 100.0 5.0 95.6 97.0 73.6 99.9 100.0 87.6
Co.60UCo.40 99.9 99.9 43 100.0 100.0 87.5 100.0 100.0 89.4
Co.50UCo .50 98.1 99.5 3.8 98.5 99.6 86.5 98.6 99.7 84.9
Co.40UCo.60 90.5 97.5 35 90.2 94.1 79.8 88.4 94.1 774
Co.30UCo.70 80.4 86.9 3.3 67.6 67.3 67.5 64.0 62.7 64.2
Co.20UCo .80 70.0 741 341 45.9 38.8 52.7 454 37.3 50.1
Co.10UCo.90 62.1 62.6 2.9 326 21.2 413 33.9 21.6 41.0
Co.00UC1.00 58.5 58.5 2.9 27.6 16.5 37.2 29.8 17.5 37.3

Note. Same as Table Sexcept using the image-plane results from the deconvolved imfit task from CASA.

the outflow angles can be misaligned from the disk orientation Appendix E
axis (Offner et al. 2016; Ohashi et al. 2022). One can conceive Statistical Tests
of several other methods to determine relative orientation

; ) Across all scientific fields,many statisticakests have been
parings, and to verify our results we explore these methods. A

used to testwhether two independergmpiricalsamples were

“Method B” could compute a pairwise permutation (N drawn from the same underlying distribution. This procedure of
choosing two comparisonsgf all sourcesor a "Method C testing the distributions usually involves solving the inverted
designate a particulaprotostaras a “reference” (perhaps the  hypothesis, whether the “null hypothesis” can be rejected: The
geometric centeror most massive protostarjf known) and null hypothesis being that the two distributions are drawn from
compute every other source against this primary only once. Théhe same underlying distribution against the alternative
result of Method C would be highly sensitive to which hypothesisthat the two distributions are notdrawn from the

particular source is determined to be the “reference” and any same underlying distribution. If we reject the null hypothesis at
resampling of the chosen binary would result in the same pairssome significance level, then we can confidently say the

as Method B. We chose Method A for our analysis,but the underlying distributions are notidentical at that significance

results presented in this work do nothange significantly for ~ level. However, careful consideration is needed as proving the

any of the methods. inverse is notnecessarily proving the distributions are drawn
Given two unit vectors(v4 and v,), defined in spherical from the same underlying population.That is to say, if we

coordinates with the angles i (defined such that 0° is face-on) cannot reject the null hypothesis in favor of the alternative, that
and P.A. (defined east-of-northyye can define the magnitude ~ simply means the underlying distributions are consistevith

of the relative orientation (the dot product, v; - w) of these being drawn from the same distribution at a particular

two vectors as Vi - v, = sin(iy)sin(i)cos(P, - P,) + cog(iy)cos(y). significance Ieve_l, ant_:l does not state the two distributions
Furthermore, with continuum-only detections at this resolution, thémselves are identical.

we cannot differentiate the position angle of the disk from The mostwell-known statisticaltestis the KS test, in the
+180°. We also cannotdifferentiate if the disk is “face-on” case of k-samples,which tests the ECDFs of each sample

versus “anti-face-on” (+90°); we normalize the inclinations to against the null hypothesis that they were drawn from the same
be 0°-90° and normalize thé position angles to be 0°~180° distribution (under the assumption one distribution is contin-

g . ; . The KS testis sensitive to changes in the mass center
We perform the same statistical analysis on the |mage-planeu°us . ; :
fits and provide the results in Table 9. We show a comparison and shape of the ECDF by computing the maximum difference

of the derived orientations with the uv plane and image-plane of the distributions (higher sensitivity toward CDF center).

e ; - . X The AD test, in comparison, belongs to a family of quadratic
fitting techniques in Figure 13. The points are the median valug, tests and thus places more weight on the thferences in the

of the resampled doproducts when considering the observa- ,is of the distributions.However, both the KS and AD tests
tion and fitting uncertainties. The only source that stands out is;g5me the samples are drawn from continuous distributions

L1448 IRS3A, which has elevated uncertaintiesdue 1o and that the underlying distribution is stochastically larger than
restricting the uv plane and image-plane fitting to only considerthe drawn distribution. This is the so-called directional-
the larger-scale structure of the ring. alternative hypothesis.

We summarize ourresults in Table 10, which details the The ES test is an empirical rank test that comparesthe
median separationand the median derived dot product,  characteristicfunctions (CFs) of the distributions, not the
considering observational uncertainties, for each of the distributions themselves as compared to the KS and AD tests.

companions. We also indicate if the particular pair is consistentThe test performs a quadratic form of differences between the
with being aligned within 30° as a “v” or if the system is not CFs.The ES testis more powerfulin that it does notassume
aligned as a “X.” the directional-alternative hypothesis or continuous critexga,
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Comparison of Orientation Angles
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Figure 13. Comparison of the uv visibility fit and imfit-derived dot-product orientations for each of the source§he red error bars represent the 10 confidence
intervals, while the black points represent the median of the resampled distributions. The one-to-one line demonstrating the two fit methods give comparable result
plotted in black, with the upper-left half corresponding to targets that appear more aligned with the uv visibility fitting and the lower-right half corresponding to targe
that appear more aligned with the image-plane fittifigrere appears to be no clear systematic difference for the two Tite only outlier system L1448 IRS3A.

it can be applied to discrete distributions. The primar - . .
prerequisite for the ES testhowever,is that the samples a}r/e statlstlca!ly characterize the observatwesgsample albf the
fully independent, both across samples and within the samples@Pservation paramete(s, 8, Gmajor Ominos I, and P.A.) with
(Epps & Singleton 1986; Goerg & Kaiser 2009), but otherwise Gaussianerrors representativeof the uncertaintiesof the
is shown to provide a mbre robust statistical teét. observations 10,000 time%Ve then compute the statistic and

For the purposes Of our ana|ym app|y all three testKS, probablllty fOI' each Of the KS, AD, and ES teStSfOF eVery
AD, and ES test(as implemented in scipy), with k-samples, ~ resample of the observations against every constructed distribution
against the empirical distributions of the Perseus samples and gdractional ratiosVe finally compile the number of resampled
suites of mixture models. To satisfy the conditions of the KS andistributions that cannot reject the null hypothesis at the 0.3% (30)
AD tests’ directional-alternativllypothesisand continuous  significance leveland provide these numbers in Table Bhis
prerequisite, we construct well-sampled models of 10,000 systame&ls six numbers per mixture ratio suite that describeghe
(each system being comprised ofat leasttwo sources).To number of distributions that cannot reject the null hypothesis.
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Table 10
Comparison of Derived Dot Products
Source A Source B Separation (au) Dot Product Aligned (<30°)
imfit uv Plane imfit uv Plane
L1448 IRS1-A L1448 IRS1-B 418 3% 416314 0.28 3% 0.313% X
L1448 IRS3A L1448 IRS3B-A 2215312 22133% 0.16 3% 0.2 33 X
L1448 IRS3B-B 2151388 21493%2 0.14 3% 0.21881 X
L1448 IRS3B-C 2201388 2196953 0.33% 0.153%9 X
L1448 IRS3C-A 4858393 4874 3% 0.08 3% 0.02 338 X
L1448 IRS3C-B 4904318 4920898 0.37 332 0.0233 X
L1448 IRS3B-A L1448 IRS3B-B 78 338 78 39! 0.893% 0.96 338 v
L1448 IRS3B-C 248 934 247393 0.77 333 0.82591 X
L1448 IRS3C-A 6285 338 6286 .97 0.923% 0.98 3% v
L1448 IRS3C-B 6346142 6347338 0.76 313 0.98 3% v
L1448 IRS3B-B L1448 IRS3B-C 292 312 290 333 0.95331 0.91338 v
L1448 IRS3C-A 6208328 6209397 0.97 33! 0.9333 v
L1448 IRS3C-B 6268138 6269 393 0.86 39, 0.913% v
L1448 IRS3B-C L1448 IRS3C-A 6431928 6430332 0.93% 0.8 338 X
L1448 IRS3C-B 649013 6490331 0.793% 0.82 398 X
L1448 IRS3C-A L1448 IRS3C-B 72118 7239 0.853% 1.0 88 v
NGC1333 IRAS2A-A NGC1333 IRAS2A-B 185 338 186 332 0.4 3% 0.513% X
NGC1333 IRAS2B-A 9424897 9424 392 0.93 39! 0.94 398 v
NGC1333 IRAS2B-B 9346 313 9346313 0.91 3% 0.97 3% v
NGC1333 IRAS2A-B NGC1333 IRAS2B-A 9320918 93209% 0.37 3:53 0.4 3% X
NGC1333 IRAS2B-B 9243938 924398 0.63513 0.67 358 X
NGC1333 IRAS2B-A NGC1333 IRAS2B-B 95 923 9518 0.84 3% 0.89 3% X
Per-emb-17-A Per-emb-17-B 84 938 83 3.98 0.823% 0.8333! X
Per- emb-18-A Per-emb-18-B 28 045 25 9.9 0.912% 0.9739! v
Per-emb-21 3987 33 3985912 0.7933%8 0.64 554 X
Per-emb-18-B Per-emb-21 3966 371 3966317 0.693% 0.47 3% X
Per-emb-2-A Per-emb-2-B 26 348 25337 0.6231% 0.78 3% X
Per-emb-2-C 126 327 129438 0.67 91 0.6311 X
Per-emb-2-D 424817 430381 0.613%7 0.5314 X
Per-emb-2-E 153127 150 $22 0.61318 0.7 312 X
Per-emb-2-B Per-emb-2-C 103 397 109 14 0.67312 0.693% X
Per-emb-2-D 401938 408993 0.61337 0.41813 X
Per-emb-2-E 178878 174878 0.6 18 0.78 3% X
Per-emb-2-C Per-emb-2-D 299 §44 3009333 0.67 312 0.88 3% X
Per-emb-2-E 276 383 27858 0.793% 0.84 5% X
Per-emb-2-D Per-emb-2-E 57511 578387 0.6 918 0.66 312 X
Per-emb-22-A Per-emb-22-B 227 3% 227 3% 0.79310 0.96 33 v
Per-emb-35-A Per-emb-35-B 570 3% 570348 0.96 3% 0.933% v
SVS13A-A SVS13A-B 9203 92 367 0.92%% 0.96 331 v
SVS13A2 1603314 1603333 0.71319 0.78 3% X
SVS13B-A 448318 4482588 0.78 3% 0.833% X
SVS13A-B SVS13A2 152224 152253 0.723% 0.843%3 X
SVS13B-A 4433165 4433982 0.9399%2 0.95 901 v
SVS13A2 SVS13B-A 3190132 3190341 0.6 5% 0.733% X

Notes. The separations are given in units of au, which is derived based on the average distance to the Perseus molecular cloud of 300 pc.

Compiled comparison table between the uv-plane-derived results and the image-plane-derived results for each offthe ‘sowmmesA” and “source B” columns
correspond to each pair where the comparison was performed to derive the orientation vector correlations. Where “Source A” is not listed, the previously listed “So
be assumed. All separations are defined with respect to the “Source A.” The dot product is given in cosine coordinates. The final column, “Aligned (<30°),” compar
derived dot-product values by averaging the two values; if the values correspond to <30°, the sources are considered aligned, while values >30° are considered m
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