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ABSTRACT
We present a 0.1500resolution (21 au) ALMA 870 µm continuum survey of 25 pointings containing 31

young stellar objects in the Ophiuchus molecular clouds.Using the dust continuum as a proxy for dust
mass and circumstellar disk radius in our sample, we report a mean mass of 2.8+2.1

−1.3 and 2.5+9.2
−1.1 M⊕

and a mean radii of 23.5+1.8
−1.2 and 16.5+2.8

−0.9 au, for Class I and Flat spectrum protostars, respectively.
In addition, we calculate the multiplicity statistics of the dust surrounding young stellar objects in
Ophiuchus. The multiplicity fraction (MF) and companion star fraction (CSF) of the combined Class
I and Flats based solely on this work is 0.25 ± 0.09 and 0.33 ± 0.10, respectively, which are consistent
with the values for Perseus and Orion. While we see clear differences in mass and radius between
the Ophiuchus and Perseus/Orion protostellar surveys, we do not see any significant differences in the
multiplicities of the various regions. We posit there are some differences in the conditions for star
formation in Ophiuchus that strongly affects disk size (and consequently disk mass), but does not
affect system multiplicity, which could imply important variation in planet formation processes.

Keywords: protoplanetary disks — stars: formation — stars: pre-main sequence — radio interferom-
etry

1. INTRODUCTION
Molecular clouds form dense cores and eventually pro-

tostars when gravity overcomes the internal support
mechanisms, e.g., magnetic fields, thermal pressure, and
turbulence (e.g., McKee & Ostriker 2007). Each core
can form one star or a small system of stars. Observa-
tionally, embedded stars are characterized by their spec-
tral energy distributions (SEDS), specifically between
∼2 µm to 24 µm (Lada 1987), as well as by their bolo-
metric temperature.

The youngest stage of this evolution is characterized
by the Class 0 protostars, which are deeply embedded,
have strong bipolar outflows, and are accreting from the
surrounding medium (Andre et al. 1993). After ∼ 105 yr
(Dunham et al. 2014), the star reaches the Class I stage,
which features continued accretion onto the central pro-
tostar and a significant reduction in the envelope that
surrounds the system. Due to variations in inclination,
the observational differential from Class 0 to I is sub-
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tle with many authors using a T bol < 70 K for Class
0 sources (e.g., Dunham et al. 2014). As the proto-
stars evolve,they become less embedded and detectable
at micron wavelengths, as their SEDs become more flat-
tened and eventually their slopes turn negative by the
Class II stage (T bol < 650 K). After ∼ 107 yr the disks
have completely dissipated. In addition, there are often
transitional sources between Class I and II called Flat
Spectrum sources, named for their flat SEDs (in λF λ ).

Important to the evolution of the forming star and the
formation of planets is the circumstellar disk around the
the young stars themselves. Severalopen questions re-
main about these disks, including their mass and size
at the protostar stage and how their initial properties
vary in different star forming regions. In the last few
years, with the increased sensitivity of interferometers,
we have made the largest leaps in characterization of
the youngest disks, which previously had only been con-
strained in small numbers (e.g., Looney et al. 2000).

Recently, the VLA/ALMA Nascent Disk and Multi-
plicity (VANDAM) survey in Perseus identified a total
of 18 Class 0 disk candidates with radii less than 30 au
(Segura-Cox et al. 2018). However, the largest survey
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of young disks to date was just completed by the VAN-
DAM Orion survey (Tobin et al. 2020), which observed
328 protostars ranging from Class 0 to Flat Spectrum in
the Orion molecular cloud. In that sample, they found
that the mean dust disk mass decreased with evolution-
ary state, which is arguably expected due to accretion
onto the protostar and possible grain growth. They also
found that the mean disk dust radii decreased with evo-
lutionary state, which is harder to understand for sim-
ple disk growth from rotating cores. In addition, the
Orion VANDAM survey presented dust disk masses dis-
tributions in comparison to other star formation regions.
They concluded that the masses in Orion are compara-
ble to those in Perseus and Taurus, but are more massive
than the disk masses in Ophiuchus.

Multiplicity is very common in main sequence stars
with ∼50% of nearby solar-mass stars being part of
multiple systems (e.g., Raghavan et al. 2010), with the
multiplicity fraction increasing with stellar mass (e.g.,
Duchˆene & Kraus 2013). However, multiplicity also
evolves with stellar age as younger objects have higher
multiplicity (e.g., Connelley et al. 2008). Indeed, multi-
plicity is found to commonly occur at the earliest, deeply
embedded stage of star formation (e.g., Looney et al.
2000; Tobin et al. 2016), which is where multiplicity for-
mation originates (e.g., Tobin et al. 2018). Probing the
multiplicity of these systems requires detection of the
dust structures surrounding the protostar rather than
the detection of the star itself, as is done in more evolved
stellar systems.

The largest survey of multiplicity in the youngest pro-
tostars to date are the VANDAM surveys of Perseus (To-
bin et al. 2016, 2018) and Orion (Tobin et al., in prep.).
In both cases, they find a ∼40% overall multiplicity frac-
tion with a companion star fraction of ∼70%. However,
the most interesting result was a bimodal nature of the
binary separations: a peak at ∼75 au and another one
at ∼3000 au. These peaks are consistent with binary
formation from disk and turbulent fragmentation, re-
spectively.

Ophiuchus has over 300 young stellar objects (YSOs)
identified by the Spitzer From Molecular Cores to
Planet-Forming Disks project (C2D) (Evans et al. 2009)
and others (e.g., Enoch et al. 2009; Zurlo et al. 2020).
Cox et al. (2017) surveyed 63 disks (mostly Class II)
in Ophiuchus using ALMA Band 7 dust continuum ob-
servations, which showed clear variations in disk mass
and size between single and multiple systems. In addi-
tion, Cieza et al. (2019) surveyed a larger sample (using
less restrictive selection criteria than our sample with re-
spect to previous detections) of Ophiuchus sources (147
sources with 133 detected, including Class I and Flat
Spectrum protostars) in the ALMA Band 7 dust con-
tinuum, which suggested that only 1/3 of the sample
had disk masses large enough to form planetary systems
with gas giants, i.e. > 10M ⊕ . Finally, Sadavoy et al.
(2019) surveyed 37 Ophiuchus systems (including Class

I and Flat Spectrum protostars) in the ALMA Band 6
dust polarization continuum, and also used the Stokes I
continuum to study multiplicity. They found MF = 0.29
and CSF = 0.41 for the combined Class 0 and Class I
population, similar to those found in Perseus (Tobin et
al. 2016). Finally, Zurlo et al. (2020) surveyed the Cieza
et al. (2019) sample with deep IR imaging to revealing
20 new binary systems and 2 new triple system, and also
showing that the binary systems have lower disk masses
than those in single systems.As in the case of the above
four studies, we adopt the common distance of 140 pc
for Ophiuchus (Ortiz-Le´on et al. 2018).

In this paper, we present dust mass observations of 31
of the youngest protostars in Ophiuchus using Band 7
(870 µm wavelength) of ALMA. In Section 2, we discuss
our sample selection.In Section 3, we explain the obser-
vations. In Section 4, we discuss the results,especially
in comparison to the Orion star formation region. And
in Section 5, we summarize.

2. SAMPLE SELECTION
The main objective for this sample was to comple-

ment the sources from our previous survey of protostel-
lar systems in Ophiuchus that concentrated on Class
II/III systems of Cox et al. (2017). The reader is di-
rected towards their paper for specifics, but briefly we
required that sources must be detected with a signal-
to-noise ratio >3 in both the four IRAC bands and the
24 µm MIPS bands, and also the sources must be de-
tected with a signal-to-noise ratio >2 in the 70 µm MIPS
band. This selection criteria was used to minimize the
impact from misclassified YSO sources and extragalac-
tic sources, as well as to maximize submillimeter detec-
tions. Ultimately, the most deeply embedded sources
(e.g., 22 Class 0 and I sources from Enoch et al. 2009)
were removed from the Cox et al. (2017) sample to fo-
cus more on the disk-only sources.Our new observations
targeted the 22 excluded sources plus the remaining 6
Enoch sources that did not meet the previous require-
ments (possible younger sources). These 6 sources are
Oph-emb 5, Oph-emb 7, GY30, CRBR 85, GY269, and
GY91. We did not observe sources that had been ob-
served at our resolution or higher (e.g., IRAS 16293-
2422, VLA 1623-2417, and GY214) but we did include
them in the multiplicity analysis. This left 25 sources
in total for our observations. Table 1 lists the Class 0/I
sources observed, which with binary systems and a po-
tential new source brings the total number of objects to
31. Note that with the exclusion of the sources observed
in other programs, there is only one Class 0 source re-
maining in our sample.

Of our 31 sources, 22 overlap (including binaries) with
the lower resolution (∼0.2500) Band 6 polarization obser-
vations of Sadavoy et al. (2019). The sources Oph-emb
23, 24, and 27 were excluded from Sadavoy et al. (2019).
In addition, the ∼0.2 00 Band 6 continuum observations
of Cieza et al. (2019) contain 20 sources that overlap
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with ours and 10 that do not (sources they did not ob-
serve: Oph-emb 1, 7, 8, 10A, 10B, 13, 14A, 14B, 21, and
26B).

3. OBSERVATIONS AND DATA REDUCTION
We observed our sources with 25 pointings of the

continuum-only dual configuration from our ALMA
Band 7 project 2015.1.00741.S. The high resolution ob-
servations in the C40-6 configuration occurred between
23:44:01 UTC on 2016 August 29th to 00:28:22 UTC
on 2016 August 30th. The baselines ranged from 15 to
612 meters, giving the largest angular scale recoverable
as 1.400. During the observations, the precipitable wa-
ter vapor was 0.80 ± 0.05 mm. The average time on
source was 60 seconds.The low resolution observations
in the C36-2/3 configuration occurred between 04:53:36
to 05:31:35 UTC on 2016 April 22nd. The baselines
ranged from 15 to 460 meters, providing the largest an-
gular scale recoverable as 7.200. During the observations,
the precipitable water vapor was 0.64 ± 0.02 mm. The
average time on source was 30 seconds.In both config-
urations, we used the quasar J1517-2422 as a bandpass
calibrator and J1625-2527 as phase calibrator.The flux
calibrator was J1633-2557.We assume the absolute flux
calibration accuracy to be ∼10%, in accordance with
the ALMA handbook (Warmels et al. 2018). There-
fore, only statistical uncertainties are used for the rest of
the paper. Therefore, only statistical uncertainties are
used for the rest of the paper.

The data were reduced using the CASA, Common As-
tronomy Software Applications (McMullin et al. 2007),
version 4.7.0 pipeline, and the self-calibration and map-
ping were performed using CASA 5.1.1.The continuum
maps were made using Briggs weighting with a robust
parameter of 0.5 (and 0.8 in two cases to recover larger-
scale structure), yielding a typical synthesized beam
of 0.1500×0.1100 full-width at half-maximum (FWHM).
However, this does not hold true for Oph-emb 04 and
22. Both of those had over 75% of their observations
flagged. This led to larger than expected beams.

We followed standard self-calibration techniques for
all sources.To briefly summarize, at most we performed
three rounds of phase-only self-calibration with gain cal-
ibration solutions intervals ranging from the entire scale
length, to 30 seconds, and finally 15 seconds (with single
interval integrations of 2.02 seconds).We chose the gain
calibration solution with the most consistent solutions
that decreased the noise or at least increased the overall
S/N. We conclude that the point-sources saw marginal
improvements between self-calibration rounds while the
extended sources saw the most benefits.

4. RESULTS
We detected 24 of the 25 sources at the pointing cen-

ters observed in the Band 7 dust continuum. The non-
detection of Oph-emb 5 is consistent with the findings
of Sadavoy et al. (2019). We also detected 6 additional

companions in our pointings, bringing the total to 31
sources detected.The pointing maps are shown in Fig-
ures 1 and 2, split into the most resolved and least re-
solved sources respectively.Note that the disk sizes and
morphologies are quite varied. In Figure 3, we highlight
the multiple systems.

One of the main objectives of this study is to deter-
mine circumstellar disk properties. In the majority of
cases,the dust emission is resolved. As we are probing
size scales expected for disks in Class I systems (e.g.,
Tobin et al. 2012; Segura-Cox et al. 2016; Tobin et al.
2020), we made u,v plots of the Real and Imaginary
components of the visibilities, see Figure 4 for an ex-
ample. In all cases, the visibilities were consistent with
disks (e.g., Segura-Cox et al. 2018), often with residual
envelope emission.From this point forward, we will re-
fer to these objects as disks instead of disk candidates.
Of course, without Keplerian-like velocity fields (which
were not observed in these observations), we can not
confirm their disk nature.

For every detected source in our sample, we used the
CASA task imfit to fit a Gaussian within an elliptical
region centered on the object. The task itself simplifies
the Gaussian fitting process, and returns useful quanti-
ties such as the properties of the ellipse (major, minor,
and position angle) and the flux density, which we use
to measure disk properties. Our observations resolve
out the majority of the envelope emission, so a single
Gaussian provides the best fit to the images.

We follow the procedure of Tobin et al. (2020) for esti-
mating disk properties. Although there are many meth-
ods available for estimating disk radii, Gaussian image
fits provide the simplest and most easily compared. We
adopt the disk radius as 2σ of the deconvolved major
axis from the Gaussian fit. For consistency of fit, the
size of the ellipse was varied between the 3σ and 6σ
contour. This criteria ensures invariance to initial fit
parameters and were applied so long as reasonable (e.g.,
no other object in the way). We report 3σ contour-sized
fit results. Oph-emb 26 was fit using two Gaussians si-
multaneously due to the proximity of the binary. One
source (Oph-emb 05) was a non-detection so only its 3σ
upper limit peak flux is listed. The residuals were all
checked for any visually bad fits. Some source fits were
point sources, so their major and minor axes are not
given in Table 1.

We estimate the dust mass of the compact circumstel-
lar material using a series of broad, simple assumptions
and the Gaussian fits. Following (Tobin et al. 2020), as-
suming isothermal and optically thin emission (both of
which are very idealized for these sources at this wave-
length), we can estimate the mass from,

M dust =
d2Fν

B(T dust )κ ν
(1)
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where d is the assumed distance (140 pc) to Ophiuchus,
Fν is the total observed flux, B ν is the Planck function,
and Tdust is the dust temperature. The grain opacity,
κν , is taken as 1.84 cm2 g−1 at 870 µm (e.g., Ossenkopf
& Henning 1994). This is done to be consistent with the
VANDAM Orion protostellar survey, but we acknowl-
edge that this dust opacity likely overestimates the dust
mass because we expect higher densities and more ex-
tensive grain growth in disks compared to the OH94
models, which are applicable to the envelopes of pro-
tostars. Likewise, to be consistent with the VANDAM
Orion protostellar survey (Tobin et al. 2020), we also
adopt a dust temperature based on modeling that is de-
pendent on the bolometric luminosity,

Tdust = T 0
L bol

1 L

1
4

(2)

where T0 = 43 K and L bol is from Enoch et al. (2009),
given in Table 1. In the case of multiple components,
we used the same Lbol for the components for simplicity.
The calculated dust masses are also listed in Table 1,
ranging from 0.4 to 89.3 M ⊕ , with 0.1 M ⊕ at 4σ. The
uncertainty in the calculated dust mass is a factor of a
few due to the assumptions of optically thin material,
dust opacity, and constant temperature.

5. DISCUSSION
One of the main motivators in these observations is to

compliment a survey by Cox et al. (2017) of the Ophi-
uchus region. A full survey of the Orion region Class 0
and Class I protostars, called the VANDAM survey was
completed (Tobin et al. 2020), which provides a com-
plete look at the young protostars in the Orion region.
The use of resolved imaging of the disk can be combined
with L bol and Tbol to make links between disk masses and
radii and evolutionary stage. The Orion VANDAM sur-
vey reveals a slight decrease in disk mass with evolution,
which is expected from disk evolution and accretion, but
on the other hand, they also showed a decrease in disk
radii with evolution. The latter may be due to some
intrinsic initial conditions of the disk formation, some
evolution in dust grains, variation in the environment,
or differences in the underlying stellar populations. We
add our observations to the Ophiuchus observations used
in the Tobin et al. (2020) comparisons,which includes
disk properties and multiplicity (which will be an up-
coming Orion VANDAM paper).

5.1. Disk Properties

In Figure 5, we plot the cumulative distribution func-
tion of disk masses in Orion and Ophiuchus, as in Tobin
et al. (2020) (Figure 14, top left, but without the Perseus
sample), where the Orion source masses are from that
paper and the Ophiuchus source masses are from this
paper and Williams et al. (2019). The Williams et al.

(2019) masses were calculated using a constant, and typ-
ically, lower temperature of 20 K and a higher dust opac-
ity of 2.25 cm2 g−1 (extrapolated to 225 GHz). We
compare our derived masses with the 18 sources that
overlapped with Williams et al. (2019). In most cases,
our masses (corrected to use the same distance of 139.4
pc) are lower than the Williams et al. (2019) mass esti-
mates by an average of 50%.This is mainly due to our
higher temperature estimates; the average temperature
based from Equation 2 was 40 K.

With the addition of our masses, the overall shape
of the curve is similar to Tobin et al. (2020), but the
separation between the disk masses of the Orion and
Ophiuchus protostars is even more pronounced.Indeed,
the difference in masses reinforces one of the outstand-
ing questions about this relation, and discussed in detail
by Tobin et al. (2020): why is there a discrepancy be-
tween the disk masses in Ophiuchus compared to the disk
masses in Orion? As discussed in Tobin et al. (2020),
disk masses in Taurus, Perseus,and Orion are compa-
rable, but Ophiuchus, being on the lower end, remains
an outlier. Indeed, the masses in our sample are derived
using the same procedure and the same ALMA band
(Band 7) as Tobin et al. (2020), and yet the difference
between the Class 0/I/F protostars has only increased.
Thus, the discrepancy does not appear to be based on
the assumptions across the bands;Ophiuchus disks are
much less massive than Orion disks.

As suggested by Tobin et al. (2020) and Sadavoy et
al. (2019), there are possible issues with some sources
being misidentified as younger classes due to foreground
extinction, etc., but the Oph disk sample in Figure 5 is
obviously lower in mass than the other regions. Some
possibilities for this discrepancy are:1) due to the lower
number of protostellar objects in Ophiuchus, since we
are sampling a majority of older Class I sources (which is
somewhat consistent with the very low number of Class
0 in Ophiuchus); 2) a fundamental difference in the dust
opacity between the two regions, which is not generally
seen (e.g.,Planck Collaboration et al. 2014); or 3) dif-
ferences in the the initial conditions of the disks, which
would imply differences in the star formation process be-
tween the two clouds. Of the three, we propose that the
differences in the initial conditions of the disks to be the
most likely since our masses make the discrepancy more
pronounced even between the Class I in Ophiuchus and
the Flat Spectrum sources in Orion.

Finally, we used the cumulative distributions and sur-
vival analysis with the Kaplan-Meier estimator as im-
plemented in the Python package lifelines to fit a
Gaussian of the mass cumulative distribution function
(CDF). One of the benefits of survival analysis is the
ability to incorporate non-detections. We estimate the
disk masses for our sources in Figure 5, i.e., excluding
the Williams et al. (2019) sources.We find a mean mass
of 2.8+2.1

−1.2 M⊕ for Class I and 2.5+9.2
−1.1 M⊕ for Flats. As

expected, these are significantly less than the masses in
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Orion of 14.9+3,8
−2.2 and 11.6+3.5

−1.9 M⊕ , respectively, from
Tobin et al. (2020).

Following Tobin et al. (2020), we also estimate the
mean radii of our disks in Table 1 by again using the
cumulative distributions and fitting a Gaussian radius
CDF for our Class I and Flat sources. This allows us
to better include the unresolved sources in the estimate.
We find mean radii of 23.5+1.8

−1.2 and 16.5+2.8
−0.9 au, respec-

tively. This is in comparison to Tobin et al. (2020),
which finds 44.9+5.8

−3.4 , 37.0+4.9
−3.0 , and 28.5+3.7

−2.3 au for Class
0, I, and Flats, respectively. We only have one Class 0
source (Oph-emb 1), which has an image Gaussian fit
radius of 15 au, so we did not use the CDF method
discussed above. We note that 15 au is much smaller
than the mean Class 0 radii in Orion, but with so few
Class 0 sources in Ophiuchus it is difficult to draw any
firm conclusions. However, overall, the disk radii and
disk mass for Ophiuchus protostars seem to be smaller
than those in Orion without any clear trend with evo-
lution, whereas Orion and Perseus are consistent with
each other.

5.2. Multiplicity

To find multiplicity in our sample, we visually in-
spected our maps out to the FWHM of the primary
beam of ALMA. We define a companion protostar as any
source with a S/N & 4 or if the imfit task required two
sources to obtain an acceptable residual map (i.e., Oph-
emb 26). We infer source multiplicity from millimeter
emission. The detection of a source is dependent on 1)
dust structures surrounding the source, 2) dust opacity
and temperature, 3) resolution to resolve close systems,
and 4) the overall sensitivity of the observations.

We detect a total of 6 companions in our observations.
One of which is possibly a new multiple: Oph-emb 26.
We measured separations using the imfit central posi-
tions as listed in Table 1. We combine our observations
with those of Cieza et al. (2019), adding all detected
Class I/Flat sources. We use a criteria for triple sys-
tems wherein we measure distances from the primary,
obtaining only two separation distances. Overall, the
total sample includes 14 measured separations for young
multiple systems in Ophiuchus, see Table 2. Of the 14
total, 6 are from this paper, 4 are from Cieza et al.
(2019), and the last 4 are from the two triple systems,
VLA 1623 (Looney et al. (2000), Harris et al. (2018),
Hsieh et al. (2020)) and IRAS 16293 (Wootten 1989).

The best published analysis of multiplicity in proto-
stars to date is from the VANDAM Perseus collabora-
tion (Tobin et al. 2016). Although having a shorter
wavelength (9 mm) and wider field of view with the VLA
component, the VANDAM Perseus survey has compara-
ble spatial resolution (15 au) but lower mass sensitivity
(∼10 M ⊕ : Tychoniec et al. 2020), which still allows us to
compare the inferred multiplicity between two star for-
mation regions that have a discrepancy in disk masses.

(The Cieza et al. (2019) multiples are at Band 6 with a
larger FWHM.)

The metrics commonly used for multiplicity are the
multiplicity fraction (MF) and companion star fraction
(CSF), which can be considered the probability that any
given system in the sample has companions (MF) and
the average number of companions (CSF).The quanti-
ties are defined by

MF =
B + T + Q + ...

S + B + T + Q + ...
(3)

and

CSF =
B + 2T + 3Q + ...

S + B + T + Q + ...
, (4)

where S, B, T, and Q refer to the number of single,
binary, triple, and quadruple systems.

Uncertainties for the two metrics are derived assum-
ing binomial distributions as σ R = (R(1 − R)/N sys )0.5 ,
where R is either the MF or CSF value and N sys is the
number of systems.With those assumptions, the values
we obtain for only the combined Class I and F sources
in Ophiuchus surveyed in this paper are MF = 0.25 ±
0.09 and CSF = 0.33 ± 0.10, see Table 3. These are
consistent with the metrics of the combined Class I and
F sample of Perseus with a separation range of 20 to
1000 au from Tobin et al. (2021, in preparation), which
reported MF = 0.28 ± 0.08 and CSF = 0.28 ± 0.08,
see Table 3. In addition, these are all consistent with
the larger VANDAM Orion sample, which reports MF
= 0.16 ± 0.02 and CSF = 0.17 ± 0.03 (Tobin et al.,
2021 in preparation), which is at the same wavelength
band but with lower resolution (45 au) and sensitivity
(∼1 M ⊕ ). Furthermore, applying the same analysis to
the larger sample of protostellar Class I and F objects in
Ophiuchus, including Cieza et al. (2019) sources,gives
an MF of 0.11 ± 0.04 and an CSF of 0.14 ± 0.04 (see
Table 3), which is even more consistent with the Orion
sample. This may be due to the less restrictive sample
selection criteria of Tobin et al. (2021, in preparation)
and Cieza et al. (2019), where more C2D sources were
included in the former and all C2D sources were included
in the latter. The lack of known higher order systems
(on both smaller and larger scales) works against the
MF and CSF, driving down the ratio.

To delve further into why this was the case, we com-
pared the multiplicity separations in Perseus and Ophi-
uchus (shown in Figure 6 and Figure 7). We compared
the Perseus data with a cut-off at the Ophiuchus field
of view limit. This was done primarily because it is ill-
advised to compare the bimodal Perseus data with the
unimodal Ophiuchus data. Furthermore, the bimodal
nature of the Perseus data only reveal themselves at
distances well outside what we could recover in a sin-
gle pointing. It is also very likely that there are two
different formation mechanisms reflected in the Perseus
data.
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Statistical analysis of these data consisted of an
Anderson-Darling (AD) test. This mimics the analy-
sis done by previous works in this field (e.g., Cox et al.
2017; Tobin et al. 2018). The AD test was chosen be-
cause it is more robust than the Kolmogorov-Smirnov
test, namely in placing more weight at the end points
of the distributions rather than the middle. We also
avoided the log-rank test since our cumulative distribu-
tion functions crossed, a condition that causes the test
to preform sub-optimally. We believe the conditions for
using the AD test were fulfilled in our case. Its null
hypothesis posits that the two distributions were drawn
from the same distribution. We report that we failed to
reject this hypothesis. When the ”cutoff” Perseus data
were compared with only the sources from this paper,
our p-value was 0.753 and the AD statistic was 0.4975.
When the cutoff Perseus data were compared with all
the Ophiuchus data (our paper + Cieza et al. (2019) +
IRAS 16293 + VLA 1623), we report a p-value of 0.779
with a AD statistic of 0.4577. Even though there does
seem to be a difference in the young Ophiuchus disk
masses compared to other regions, there does not seem
to any difference in the multiplicity.

6. SUMMARY
We have conducted an 870 µm dust continuum survey

of 31 protostars in the Ophiuchus region, focusing on the
youngest members of the cloud (i.e., Class 0, I, and flat
spectrum). The spatial resolution of the observations
was ∼ 0.1500 (21 au). We detected 24 of the 25 sources
in the pointing center and an additional 6 companions.

Our main results are:

• Disk masses: In our analysis, we used similar as-
sumptions to those of Tobin et al. (2020). The
average disk masses of our Class I and Flat spec-
trum protostars are 2.8 +2.1

−1.2 and 2.5+9.2
−1.1 M⊕ , re-

spectively. On average,our disk mass calculation
assumptions give 50% smaller disk mass estimates
than the assumptions in Williams et al. (2019).
This is largely due to the difference in temper-
ature used for each calculation, which is depen-
dent on source bolometric luminosity in our case.
We combine our data with that of Williams et al.
(2019) to compare the masses of the Oph Class I
and Flat spectrum protostars with those of Orion
and Perseus.As previously suggested by Tobin et
al. (2020), the Oph sources have much lower mass
disks even when using the same assumptions and
continuum observing band. Although some of the
difference may be due to misidentifying of Class,
we posit that the overall trend, in conjunction with
the variation in radii, arises from a fundamental
difference in the initial conditions of the star for-
mation process in the two clouds.

• Disk sizes: We find mean radii of 23.5+1.8
−1.2 and

16.5+2.8
−0.9 au for Class I and Flat spectrum proto-

stars, respectively, in our sample. These mean
radii were derived by fitting a Gaussian to the
CDF from the Kaplan-Meier estimator. When
compared to the disk radii in the VANDAM
Perseus sample and Orion samples, the Ophiuchus
disks have smaller disk sizes, which is in agreement
with the lower masses.

• Multiplicity: Although we see a difference in the
disk masses and radii between Ophiuchus and
Orion/Perseus, that is not necessarily the case
with the multiplicity. The MF and CSF multi-
plicity statistics are consistent between Perseus
and Orion. The degree of consistency increases
when more complete samples are compared; how-
ever, further work is needed to better classify the
C2D catalog source evolutionary classes. Finally,
a comparison of the multiplicity populations of
Perseus and Oph via an Anderson-Darling test
fails to reject the null hypothesis that the two dif-
ferent star-forming regions were drawn from the
same distribution.

• Although the multiplicity statistics of Ophiuchus
is similar to other star forming regions, there are
clear differences in the disk properties of Ophi-
uchus. However,as we were mostly probing close
binaries, which are thought to be formed via
disk fragmentation (Tobin et al. 2016), one would
also expect to see a difference in the multiplicity.
Nonetheless,it seems possible that we are seeing
some differences in the star formation process be-
tween Ophiuchus and Orion/Perseus that may be
linked to the angular momentum transport pro-
cesses, which would have implications with planet
formation. More study on the differences may be
able to address these questions.
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Table 2. Binary Table

Binary Pair Separationa Ref.b

(au)
Oph-emb 10 A - B 100.9 1
Oph-emb 11 A - B 268.4 1
Oph-emb 11 A - C 396.8 1
Oph-emb 14 A - B 82.5 1
Oph-emb 26 A - B 16.7 1
Oph-emb 27 A - B 229.9 1
J162636.8-241552 4.6 2
J162648.5-242839 590.8 2
J162715.4-242640 35.4 2
J163152.1-245616 416.8 2
VLA 1623 A - B 167.1 3,4
VLA 1623 A1 - A2 26.5 4,5
IRAS 16293-2242 A - B 734.2 6
IRAS 16293-2242 A1 - A2 40.3 6

a Higher order systems were reduced to binaries with source A as the common companion. bAll distances adjusted to 140 pc.
1This paper. 2Cieza et al. (2019). 3Looney et al. (2000). 4Harris et al. (2018). 5Hsieh et al. (2020). 6Wootten (1989)

Table 3. Multiplicity Fraction and Companion Star Fraction

Samplea S:B:T:Q MF CSF Ref.
Ophiuchus Class I + Flats (Paper) 18:4:2:0 0.25 ± 0.09 0.33 ± 0.10 1
Ophiuchus Class I + Flats (Paper + Cieza) 72:7:2:0 0.11 ± 0.04 0.14 ± 0.04 1,2
Perseus Class I + Flats 21:8:0:0 0.28 ± 0.08 0.28 ± 0.08 3
Orion Class I + Flats 182:32:2:0 0.16 ± 0.02 0.17 ± 0.03 3

a The sampled maximum separation range is 1000 au. 1This paper. 2Cieza et al. (2019). 3Tobin et al. (2021, in preparation)
in the 20-1000 au range using their probabilistic weighting which corrects for more crowded regions.
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Figure 1. Maps of all the well-resolved sources in our sample. The root-mean-square (RMS) of the noise is in the top right
corner. The flux in each image has been scaled by the amount next to the division symbol in the top right corner. Images that
share the same text background color also share the same scalebar; IRS 63 and GY 91 are zoomed out twice as far as the other
sources (although GY 91 suffers from the same issue as Oph-emb 04).The beam is in the bottom left corner and the values can
be found in Table 1. Dotted contours are at -3σ and solid contours are at 3σ × 2

√
2n for n ∈ W (i.e., 3σ [-1, 1, 1.41, 2, 2.82, 4,

...])

Figure 2. The less resolved sources from our sample.The smaller peak in the bottom right corner of Oph-emb 26 is assumed
to be a new source. Otherwise, same as Figure 1.
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Figure 3. The multiplicity sources from our sample. Dotted contours are at -3σ and solid contours are at 3σ × 2
√

22n for n ∈ W.
Otherwise the same as Figure 1.

Figure 4. An example of the real and imaginary components of the binned visibilities of a resolved source (Oph-emb 9) in
our sample. This is shown solely to demonstrate the typical shape of the curve that shows evidence of a disk. The imaginary
component (bottom) is expected to be around zero. The real component (top) shows the extended envelope on the left (the
steady decline) with the resolved disk near the middle (the multiple bounces).
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Figure 5. Cumulative distribution from Tobin et al. (2020) with data added from this paper (and the non-overlapped sources
from Williams et al. (2019)). The key difference is that the Ophiuchus Class I and flat spectrum masses are even lower than
the original figure.

Figure 6. Histograms comparing the companion frequency between binaries in Perseus (Fig. 26, top left, full sample from
Tobin et al. (2018)) and Ophiuchus. Left: The histogram shows the full Perseus binary sample outlined with dots and a subset
of that sample, named ”cutoff”, in grey. Our Ophiuchus data, named ”paper”, are in blue with black error bars. The field of
view of the Ophiuchus data are at 1600 au, represented by the vertical dotted line. Right: Same as before but the Ophiuchus
data contain addition binaries from Cieza et al. (2019), VLA 1623 (Looney et al. (2000), Hsieh et al. (2020)) and IRAS 16293
(Wootten 1989) in orange.



12 Encalada et al.

Figure 7. Cumulative distributions of binary separations in Perseus and Ophiuchus. Left: We compare our sample (blue) to
the ”cutoff” sample from Perseus (grey). The Perseus sample has a maximum separation of 1000 au. Right: Same as before
but the Ophiuchus data contain addition binaries from Cieza et al. (2019), VLA 1623 (Looney et al. (2000), Hsieh et al. (2020))
and IRAS 16293 (Wootten 1989) in orange.
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