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ABSTRACT

Context. The spectral energy distribution (SED) in the millimetre to centimetre range is an extremely useful tool for characterising the
dust in protostellar envelopes as well as free-free emission from the protostar and outflow. Actually, the evolutionary status of solar-
type protostars is often based on their SED in the near-infrared to millimetre range. In addition, the presence or absence of free-free
emission can be considered an indicator of the source evolutionary stage (Class 0/ versus Class II/III). While many studies have been
carried out towards low- and high-mass protostars, little exists so far about solar-type protostars in high-mass star-forming regions,
which are likely to be representatives of the conditions where the Solar System was born.

Aims. In this work, we focus on the embedded solar-type protostars in the Orion Molecular Cloud (OMC) 2 and 3 filaments, which are
bounded by nearby HII regions and which are, therefore, potentially affected by the high-UV illumination of the nearby OB stars. We
use various dust parameters to understand whether the small-scale structure (<1000 au) and the evolutionary status of these solar-type
protostars are affected by the nearby HII regions, as is the case for the large-scale (<10* au) gas chemical composition.

Methods. We used the Atacama Large (sub-)Millimeter Array (ALMA) in the 1.3 mm band (246.2 GHz) to image the continuum of
16 young (Class 0/I) OMC-2/3 solar-type protostars, with an angular resolution of 0.25” (100 au). We completed our data with archival
data from the ALMA and VLA VANDAM survey of Orion Protostars at 333 and 32.9 GHz, respectively, to construct the dust SED
and extract the dust temperature, the dust emissivity spectral index, the envelope plus disk mass of the sources and to assess whether
free-free emission is contaminating their dust SED in the centimetre range.

Results. From the millimetre to centimetre range dust SED, we found low dust emissivity spectral indexes (8 < 1) for the majority
of our source sample and free-free emission towards only 5 of the 16 sample sources. We were also able to confirm or correct the
evolutionary status of the source sample reported in the literature. Finally, we did not find any dependence of the source dust parameters
on their location in the OMC-2/3 filament.

Conclusions. Our results show that the small-scale dust properties of the embedded OMC-2/3 protostars are not affected by the high-
UV illumination from the nearby HII regions and that the formation of protostars likely takes place simultaneously throughout the

filament.

Key words. dust, extinction — methods: observational — stars: protostars — stars: solar-type

1. Introduction

Spectral energy distributions (SEDs) from young stellar objects
has historically been the main means for classifying their evo-
lutionary status. Notably, the currently used classification in
pre-stellar cores and Class O to II protostars is largely based
on the source SED (e.g. Lada & Wilking 1984; Adams et al.
1987; Lada 1987; André et al. 1993; André & Montmerle 1994;
Evans et al. 2009; Dunham et al. 2014). Although studies of
gaseous species can provide invaluable informations on the phys-
ical, dynamical, and chemical structures of young protostars, the
SED remains an important tool for assessing the protostar evolu-
tionary status for several reasons. First, only the measure of the
SED from millimetre (mm) to infrared (IR) wavelengths can pro-
vide the luminosity of the young accreting protostar: the smaller
the luminosity, the smaller the mass of the central object and

its evolutionary age (André et al. 1993; Saraceno et al. 1996).
Second, the mm—IR SED can provide the averaged temperature
of the dusty envelope plus disk system surrounding the central
future star: the lower the temperature the younger the protostar
(e.g. Myers & Ladd 1993; Chen et al. 1995; Dunham et al. 2014).
Third, the mass of the envelope plus disk system can be esti-
mated by the mm SED once the dust temperature is constrained:
the smaller the mass with respect to the guessed central object
mass, the more evolved the protostar (e.g. André et al. 1993;
Terebey et al. 1993; André & Montmerle 1994; Greene et al.
1994).

Furthermore, dust grains evolve along with the host proto-
star, both because of the appearance and evolution of icy mantles
coating the dust grains (made up of silicates and carbonaceous
material: Hoyle & Wickramasinghe 1969; Jones et al. 2013,
2017) and because of the coagulation process in the cold and
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dense regions of the protostar (e.g. Ossenkopf & Henning 1994;
Ormel et al. 2009; Boogert et al. 2015). The SED is, again, a
major means of studying the grain evolution in protostars and,
more relevant to the present work, the coagulation process (e.g.
Miyake & Nakagawa 1993; Ossenkopf & Henning 1994; Draine
2006; Jones et al. 2017). Specifically, very often the average grain
sizes are estimated by the measurement of the dust emissivity
spectral index, §, in the radio to millimetre wavelength range
(e.g. Weintraub et al. 1989; Beckwith & Sargent 1991).

Finally, free-free emission is a mechanism that can dominate
the radio emission. It can be extracted from the SED, providing
precious information on the evolutionary status of protostars. It
probes the ionised gas close to the central object, due to the pres-
ence of ionised jets, compact HII regions, or photoevaporating
winds, phenomena linked with young protostars (i.e. Class 0 and
I sources; e.g. André et al. 1988; Anglada 1995; Anglada et al.
2018; Shirley et al. 2007; Pascucci & Gorti 2012). As a conse-
quence, the radio-mm SED is necessary to disentangle the dust
from the free-free emission.

In the past such studies have focused on nearby (<300 pc)
low-mass star-forming regions, both because they are easier to
obtain from an observational point of view and because they
potentially tell us what could have been the first phases of the
Solar System birth (e.g. Li et al. 2017; Murillo et al. 2018;
Herndndez-Gémez et al. 2019). As now recognised by sev-
eral authors, the Solar System was actually born in a region
containing numerous low-, intermediate-, and high-mass stars
(e.g. Adams 2010; Pfalzner et al. 2015). The high-mass stars may
have an effect on the physico-chemical conditions of the dusty
protostellar envelopes lying nearby, through e.g. higher tempera-
tures, UV radiation, or winds. In particular, several studies have
shown an influence of the external UV irradiation from massive
stars on the dust temperature of cores or disks (Walsh et al. 2013;
Brand et al. 2021; Haworth 2021). Studies of solar-mass proto-
stars in this type of star-forming regions are scarcer because they
are more distant, and therefore observations are more difficult.

The closest (about 400 pc) low- to high-mass star-forming
region is the Orion Molecular Cloud (OMC) complex. In par-
ticular, OMC-2 and OMC-3 (also known as OMC-2/3; Mezger
et al. 1990) are very active sites of star formation. They are dis-
tributed along a filament to the north of the famous BN-KL
object. A few studies of OMC-2/3 have appeared in the litera-
ture aiming to classify and characterise the population of Orion
protostars, which is the case of the Herschel Orion Protostar Sur-
vey (e.g. Megeath et al. 2012; Fischer et al. 2013; Furlan et al.
2016), and to investigate the protostellar disk towards the Class
0 and I protostars of the Orion A and B molecular clouds, which
is the case for The VLA/ALMA Nascent Disk and Multiplicity
(VANDAM) Survey of Orion Protostars (e.g. Tobin et al. 2019,
2020).

In this work, we focus on the small-scale structure
(<1000 au) of more than a dozen embedded protostars in OMC-
2/3, more specifically on their evolutionary status, and we aim
to understand whether there is an evolutionary trend along the
filament and whether the nearby massive star can affect the
dust properties of the protostars. To this end, we used new Ata-
cama Large (sub-)Millimetre Array (ALMA) observations, part
of our project ORANGES, and archival data from both ALMA
and the Very Large Array (VLA) to obtain the dust SED and
basic properties of each source: multiplicity, constraints on the
dust temperature at 100-1000 au, dust emissivity spectral index
B, free-free emission. Putting together these properties, we were
able to constrain the evolutionary status of the targeted protostars
and whether the position along the OMC-2/3 filament impacts it.

A117, page 2 of 29

This paper is organised as follows. We first report a literature
review of the dust temperature, dust emissivity spectral index S,
envelope plus disk (envelope + disk) mass, and free-free emis-
sion as a function of the evolutionary status in Sect. 2. In Sect. 3,
we describe the ORANGES survey and the selected source sam-
ple, and we report a review of what is known about them in terms
of dust properties and what is still missing from these previous
studies. The observations and archival data used are presented
in Sect. 4. The results of the new ALMA observations, with the
source maps, and the source sizes and flux densities extracted,
are presented in Sect. 5. The source multiplicity and properties
derived by the dust SED analysis (dust temperature, dust emis-
sivity spectral index, and masses), as well as the construction of
the dust SEDs, are reported in Sect. 6. Finally, we discuss the
results in Sect. 7 before concluding in Sect. 8.

2. Review of protostar properties versus
evolutionary status

Several parameters have an impact on the shape of SEDs, such
as the dust temperature and emissivity spectral index across the
protostar, the (envelope + disk) mass of the source and the pres-
ence of free-free emission. We present here the parameters we
focus on in this work and how they evolve with the different
evolutionary stages.

Dust temperature. The dust temperature, T4, has an impact
on the shape of the SED by setting the position of its peak. We
can use the dust temperature to distinguish between pre-stellar
cores (T4 < 10 K) and more evolved stages (i.e. Class 0/I/11,
10 < T4 < 100 K; e.g. Ceccarelli et al. 2000; Jgrgensen et al.
2002; Bergin et al. 2007; Dullemond & Monnier 2010; Crimier
et al. 2010); however, it is hard to distinguish between each of
the protostellar stages (Classes 0, I, and II). In that case the bolo-
metric temperature, Ty, defined as the temperature of a black
body with the same mean frequency as the observed SED (Myers
& Ladd 1993; André et al. 2000) is more useful. Chen et al.
(1995, 1997), among others, showed that young stellar objects
(YSOs) have different bolometric temperatures depending on
their stages. Roughly speaking, Class 0 sources have Tpo < 70K,
Class I sources have 70 < Ty < 650 K, and Class II and III
sources have T, > 650 K.

Dust emissivity spectral index. The dust emissivity spec-
tral index, S, is useful to probe dust properties such as grain
size, composition, and shape (e.g. Draine 2006; Compiegne et al.
2011; Jones et al. 2017). While a fixed value of 8 =2 is commonly
adopted in the literature (Hildebrand 1983; Draine & Lee 1984),
a change in the composition of the dust grains, large optical
depths, or grain growth are usually responsible for lower val-
ues of 5 (e.g. Beckwith & Sargent 1991; Ossenkopf & Henning
1994; Draine 2006; Guilloteau et al. 2011; Testi et al. 2014; Ysard
et al. 2019). On the other hand, the growth of the icy grain man-
tle can explain higher values (8 > 2; e.g. Kuan et al. 1996; Lis &
Menten 1998). In this context, the dust emissivity spectral index
can change depending on the evolutionary stage of the sources:
The highest values have been measured towards pre-stellar cores
(1 < B <27; eg. Lis et al. 1998; Shirley et al. 2005, 2011;
Schnee et al. 2010; Sadavoy et al. 2013; Bracco et al. 2017), while
the lowest values have been measured towards Class II protostars
(0 < B < 1; e.g. Ricci et al. 2010; Bracco et al. 2017; Tazzari
et al. 2021). Class 0 and I protostars show intermediate values
(B~ 1.7-2; e.g. Natta et al. 2007).
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Dust mass. In young protostars, the envelope mass domi-
nates over that of the disk. Considering that our observations are
not sensitive enough to distinguish between the two components,
we focus here only on how the envelope mass evolves with the
evolutionary stage of protostars. First during the Class 0 phase,
the envelope mass dominates the object mass (Meny > M),
whilst for Class I sources the envelope mass is lower (Meyy < Mo
and Mg,y > 0.1 My; André et al. 1993; Enoch et al. 2009). Then,
in Class II and III objects the envelope has almost entirely dis-
sipated (Me,y < 0.1 My; Greene et al. 1994; Crapsi et al. 2008)
and the mass is dominated by that of the central object.

Free-free emission. Finally, the presence of thermal (free-
free) emission results in a shallower slope of the SED in the
millimetre to centimetre domain and can be used to determine
the evolutionary status of the object. This free-free emission is
thought to be produced by jets or winds associated with the out-
flows driven by Class 0 and I sources (Anglada 1996; Pech et al.
2016; Tychoniec et al. 2018a) or could be associated with the
photoevaporation region of Class I disks (e.g. Pascucci & Gorti
2012; Anglada et al. 2018). At later stages (Class II/III sources),
radio continuum emission due to gyrosynchrotron radiation can
be detected, but is characterised by a different spectral index
(Feigelson & Montmerle 1985; André et al. 1988; Pech et al.
2016). Finally, the absence of such compact radio emission in
a source indicates that the latter is likely a pre-stellar core (Yun
et al. 1996).

3. The ORANGES project
3.1. Description of the project

The Orion ALMA New Generation Survey (ORANGES) is a
project aiming to study the molecular content, on small scales
(<1000 au), of the solar-type protostars located in the OMC-2/3
filament. It follows a large-scale (<10*au) study of these same
protostellar cores (Bouvier et al. 2020). The focus of this pre-
vious study, carried out with the single-dish telescopes IRAM-
30m' and Nobeyama-45m?, was to identify Warm Carbon Chain
Chemistry (WCCC) protostars and hot corino candidates using
observations of two species, CCH and CH3OH. Briefly, these
two molecules are expected to be abundant in WCCC protostars
and hot corinos, respectively. Therefore, the use of the relative
abundance of these two species is thought to be a good indicator
of the chemical nature of solar-type protostars (e.g. Higuchi et al.
2018). However, given the relatively large spatial scales probed
by the single-dish observations (~10* au) and the highly UV illu-
minated OMC-2/3 region, we found that the line emission from
the two species is dominated by the photodissociation region
(PDR), and not by the protostars. Therefore, in order to assess
the chemical nature of the OMC-2/3 solar-type protostars, small-
scale (<1000 au) interferometric observations are mandatory to
get rid of the PDR contamination.

The ORANGES project consists of new ALMA observa-
tions at 246.2 GHz towards the same sample of sources studied
in Bouvier et al. (2020). The spatial resolution is about 0.”25
equivalent to about 100au at the OMC-2/3 distance. As said,
our ultimate goal is to assess the number of WCCC sources ver-
sus hot corinos in the OMC-2/3 region, which is the best known
analogue of the Solar System progenitor. To achieve this goal

I https://www.iram-institute.org/
2 https://www.nro.nao.ac.jp/~nro45mrt/html/index-e.
html

we designed the spectral setup to make the distinction between
hot corinos and WCCC objects, which will be presented in a
forthcoming paper on the molecular content.

In the following we briefly present the OMC-2/3 region and
then introduce the ORANGES source sample (Sect. 3.2). We
then review the previous continuum studies obtained towards
the sample sources (Sect. 3.3), and finally we summarise what
is still poorly or totally unknown of them with respect to the dust
(Sect. 3.4).

3.2. Source sample

The OMC-2/3 filament is located at a distance of (393 +25) pc
from the Sun (GroBschedl et al. 2018) and it is bounded by three
HII regions: NGC1977 to the north, the Trapezium OB cluster to
the south, and M43 to the southeast. It is the closest analogue to
our Sun’s birth environment, hence the high interest to study this
region. OMC-2/3 is one of the most active star-forming regions
(e.g. Rayner et al. 1989; Bally et al. 1991; Jones et al. 1994; Ali &
Depoy 1995) in which a wealth of low-mass protostars have been
detected (e.g. Mezger et al. 1990; Chini et al. 1997; Lis et al.
1998; Nielbock et al. 2003). From these studies we previously
selected nine bona fide solar-type protostars to study their molec-
ular content (see above; Bouvier et al. 2020). We applied three
criteria to select the sources: (1) detection in the (sub-)mm con-
tinuum emission; (2) estimated (from the large-scale continuum)
envelope masses <12 Mg; (3) bona fide Class 0 and I protostars,
based on their estimated bolometric temperature. In ORANGES
we targeted the nine sources, centring the observations on the
protostar coordinates (Table 1) derived from previous single-dish
observations (Chini et al. 1997; Lis et al. 1998; Nielbock et al.
2003).

3.3. Previous continuum studies on the sample sources

All the properties previously known and described below are
summarised in Table 2 (see also Sect. 6).

Source classification. The nine selected sources are also
part of the HOPS survey (e.g. Megeath et al. 2012; Fischer et al.
2013; Furlan et al. 2016), which used Herschel® observations.
We therefore already have some information on those protostars,
even though the Herschel observations cannot disentangle mul-
tiple sources in the Herschel beam (5.2—-12"). HOPS provided
estimates of the sources evolutionary classification based on
their bolometric luminosity, Ly ; bolometric temperature, Tho;;
and envelope masses, Mc,,. From the HOPS survey, six of our
nine sources were classified as Class 0, two as Class I, and one
as a Flat spectrum source. The derived bolometric luminosities
and temperatures range from 5.7 L to 23.2 L and from 28.4 K
to 186.3 K, respectively, and the envelope masses range from
~0.1 Mg to ~5.6 M.

Dust temperature. Large-scale (>1000 au) studies were per-
formed to derive the dust temperature and dust emissivity spec-
tral index, and to determine whether free-free emission is present
towards those sources. First, the previously derived dust temper-
ature from continuum emission along the filament is typically
about 20-30 K (Chini et al. 1997, Lis et al. 1998; Johnstone &
Bally 1999; Schuller et al. 2021), and similar values were found
for the kinetic temperature using molecular lines (e.g. Li et al.
2013; Hacar et al. 2018), although Shimajiri et al. (2009) found a
warmer temperature up to 50 K towards the FIR6 region.

3 https://sci.esa.int/web/herschel
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Dust emissivity spectral index. Several studies, covering
wavelengths between 350 um and 2 mm, found values for the
dust emissivity spectral index ranging from 1 to 2 (Chini et al.
1997; Lis et al. 1998; Johnstone & Bally 1999). Later, Schnee
et al. (2014) measured the dust emissivity spectral index of the
OMC-2/3 sources between 1.2 and 3.3 mm. They found a median
value for the index of 0.9 on 0.1 pc scales, lower than what
was previously measured. On the other hand, Sadavoy et al.
(2016) used Herschel data between 160 and 550 wm with their
IRAM-30m data at 2 mm (150 GHz) and derived indexes around
1.6-1.8. Recently, Mason et al. (2020) found that the discrepancy
between the values from Schnee et al. (2014) and Sadavoy et al.
(2016) was due to abnormally high 3.3 mm (90.9 GHz) emis-
sion in OMC-2/3. The reason of the excess emission at 90.9 GHz
is not entirely clear, although the possibility of the presence of
amorphous dust grains could be an explanation (e.g. Mény et al.
2007; Coupeaud et al. 2011; Paradis et al. 2011).

Free-free emission. Finally, using VLA, Reipurth et al.
(1999) detected 8.3 GHz emission towards 11 sources associ-
ated with the OMC-2/3 filament, among which there are three
of our protostars: MMS2, MMS9, and FIR1a. They attributed
the 8.3 GHz free-free emission as probably due to shocks caused
by the out-flowing material.

3.4. Limits of the previous studies and novelty of ORANGES

Tobin et al. (2020) published high-resolution continuum obser-
vations towards our source sample as part of the VANDAM
survey. The two surveys, VANDAM and ORANGES, are com-
plementary; the VANDAM survey aims to characterise the
dust physical properties of the protostellar disks of the Orion
protostars (masses, radii), whereas ORANGES focuses on the
dust physical properties of the protostars (inner envelope+disk),
specifically of the sources on a larger scale. The different objec-
tives of the two surveys make them highly complementary, and
also means that the ORANGES survey provides novel impor-
tant information. We describe the specific differences and the
ORANGES novelties below.

First, in order to derive the disk masses, Tobin et al. (2020)
used the bolometric luminosity of each system to derive the dust
temperature. However, several of our sources being multiple sys-
tems, the bolometric luminosity is not accurate for each of the
objects in each system. We therefore aim to constrain the dust
temperature for each of our sources without using bolometric
luminosities.

Second, based on the study from Tychoniec et al. (2018b)
in the Perseus region, they assumed the 32.9 GHz continuum
emission to be dominated by the dust emission even though they
mention the possibility of free-free contamination at this wave-
length. Therefore, the spectral indexes they provide between 333
and 32.9 GHz might not be accurate if the 32.9 GHz emission
is contaminated by free-free emission. We thus aim to pro-
vide a more reliable dust emissivity spectral index for each of
our sources, and use these indexes to confirm or correct the
evolutionary stages of the sources.

Finally, Tobin et al. (2020) provide the disk masses assuming
optically thin dust emission at 333 GHz. Therefore, the derived
disk masses can be considered only as lower limits if the assump-
tion does not hold and we aim to better constrain the (envelope +
disk) masses of our source sample.

In order to better constrain the physical properties of the
ORANGES sample, we chose to complete our 246.2 GHz
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ALMA data with the archived data from the VANDAM
survey (Tobin 2019a,b). The different sets of observations are
described in the next section.

4. Observations and data reduction
4.1. ALMA observations at 246.2 GHz

The ALMA ORANGES observations were performed on Octo-
ber 27-29, 2016, during Cycle 4, in Band 6 (~250 GHz), under
the ALMA project 2016.1.00376.S. A total of 42 antennas of
the 12m array were used with a baseline length range of 18.6m—
1100m. The integration time on source is ~19 min for each
source. As the present study concerns the dust continuum analy-
sis, we present only the setup of the continuum spectral window.
With a total bandwidth of ~2 GHz, the continuum spectral win-
dow was centred at 246.2 GHz and with a spectral resolution
of 0.977 MHz (~1.2 kms™"). The band-pass and flux calibrators
used were J0510+1800 and J0522-3627, and the phase calibra-
tors used were J0607-0834 and JO501-0159. The flux calibration
error is estimated to be better than 10%. The precipitable water
vapour (PWYV) was typically less than 1 mm, the system temper-
atures less than 200 K, and the phase root mean square (rms) less
than 50°.

We used the Common Astronomy Software Application
(CASA; McMullin et al. 2007) for the data calibration. We
then exported the calibrated visibility tables to the GILDAS*
format, and performed the imaging in MAPPING. We pro-
duced continuum images by averaging line-free channels in
the visibility plane. We produced the continuum images using
natural weighting (via the CLEAN procedure). Phase self-
calibration was performed for all sources with a signal-to-noise
ratio (S/N)>100. Only CSO3 did not fulfil the criteria. We
applied three successive rounds of calibration with solution inter-
vals in the range 300-60s. Solution intervals were adjusted
from one source to another, depending on the S/N and of
the number of flagged solutions. This resulted in a signifi-
cant improvement in the S/N for the continuum images, from
24% (FIR1a) to 293% (SIMBA-a). The maps shown in this
paper are not corrected for the primary beam, but we took into
account the correction to measure the flux densities. The result-
ing synthesised beam for each field, as well as the noise rms,
are presented in Table 1. The half power primary beam size
is 25.6”.

4.2. Archival data at 333 and 32.9 GHz

Our source sample is part of the VLA/ALMA Nascent Disk
and Multiplicity (VANDAM) Survey of Orion Protostars. In
order to be able to construct the dust SED of the sources in
the centimetre to millimetre range, we used archival data from
the VANDAM Survey (Tobin et al. 2020) at 333 GHz (0.87mm)
from ALMA, and we used the data at 32.9 GHz (9mm) from the
VLA observations.

We used the robust=2 (equivalent to natural weighting)
cleaned images, for both the ALMA and the VLA data. Both sets
of archival data are taken from the Harvard Dataverse® (Tobin
2019a,b). The angular resolutions are 0.1”” (~39 au) and 0.08”
(~31 au) at 333 GHz and at 32.9 GHz respectively. The baseline
length ranges are 15-3700 m for ALMA and 0.68-36.4 km for
VLA (A-configuration). The resulting synthesised beam for each

4 http://www.iram.fr/IRAMFR/GILDAS
5 https://dataverse.harvard.edu
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Table 1. Continuum beam parameters at 246.2 GHz, 333 GHz, and
32.9 GHz, as well as rms and centre of observations used.

Field Beamsize  PA rms RA Dec
(@) ) (Wy beam™!) (J2000) J2000)
ALMA 246.2 GHz
CS033 0.32x0.27 =77 44 05:35:19.5 —05:15:35.0
FIR6¢ 0.32x0.28 90 60 05:35:21.6 —-05:13:14.0
FIR2 0.32x0.27 -76 54 05:35:24.4 —05:08:34.0
FIR1a 0.32x0.27 -76 58 05:35:24.4 —-05:07:53.0
MMS9 0.32x0.27 -74 50 05:35:26.2 —05:05:44.0
MMS5 0.32x0.28 -76 80 05:35:22.5 —05:01:15.0
MMS2 0.32x0.27 =77 60 05:35:18.5 —-05:00:30.0
CS0O3 0.32x0.27 -74 49 05:35:15.8 —04:59:59.0
SIMBA-a 0.32x0.27 =77 50 05:35:29.8 —04:58:47.0
ALMA 333 GHz
CS033 0.12x0.12 29 580 05:35:19.465 —05:15:32.72
FIR6¢ 0.13x0.12 86 710 05:35:21.400  -05:13:17.50
FIR2 0.12x0.12 26 277 05:35:24.306  —05:08:30.58
FIR1a-a 0.12x0.12 25 518 05:35:25.607  —05:07:57.32
FIR1a-b 0.13x0.12 84 640 05:35:23.927  -05:07:53.47
MMS9 0.12x0.12 23 590 05:35:25.824 —-05:05:43.65
MMSS5 0.12x0.12 21 335 05:35:22.430  —-05:01:14.15
MMS2 0.12x0.12 17 296 05:35:18.317  —05:00:32.97
SIMBA-a 0.12x0.12 13 280 05:35:29.720  —04:58:48.79
VLA 32.9 GHz

CS033 0.11x0.08 -31 11 05:35:19.466  —05:15:32.72
FIR6¢c 0.10x0.07 -15 17 05:35:21.400  -05:13:17.50
FIR2 0.09%x0.07 31 8 05:35:24.299  —-05:08:30.73
FIR1a 0.09x0.06 14 11 05:35:23.926  —05:07:53.47
MMS9 0.12x0.07 35 8 05:35:25.823  —-05:05:43.65
MMSS5 0.11 x0.06 0 11 05:35:22.891  -05:01:24.21
MMS2 0.11x0.08 -33 10 05:35:18.915  —05:00:50.86
CS0O3 0.12x0.07 42 14 05:35:16.152 —05:00:02.26
SIMBA-a 0.09x0.06 -1 8 05:35:29.720  -04:58:48.79

Notes. Information on the beam size and rms at 333 and 32.9 GHz are
issued from the archived images used (Tobin 2019a,b), whilst informa-
tion on the centre of observations for the two sets of data are from Tobin
et al. (2020).

field and each interferometer, as well as the rms noise, are pre-
sented in Table 1. More observational details are given in Tobin
et al. (2020).

5. Results
5.1. Maps

We observed nine fields centred on the nine protostars of Table 1.
Thanks to the achieved angular resolution of 0.25” (~100 au),
many multiple sources could be disentangled. The complete list
of detected sources in each field is listed in Table A.1. In total,
we detected 28 sources, of which 18 are located inside the pri-
mary beam (see Fig. A.1). The following analysis focuses on
the latter, with the exception of FIR6¢-c and MIR4. For FIR6¢-
¢, no clear counterparts were found in the 333 and 32.9 GHz
data. For MIR4, the source is not included in the 333 GHz maps
and we did not find any counterpart at 32.9 GHz. Therefore, we
analysed 16 protostars in this work. Their coordinates and previ-
ously attributed parameters are listed in Table 2.

The ORANGES 246.2 GHz continuum maps of the 16
sources are shown in Fig. 1, where the archival 333 GHz ALMA
and 32.9 GHz VLA data are superposed. Most of the sources
that appeared to be single sources with single-dish observations
are multiple systems. Some sources are separated by about 1000
to ~5500 au in the plane of the sky (e.g. CSO33, FIR6c, FIR1a,
MMSY); others have smaller projected separations of less than
~700 au, (MMS2-a with MMS2-b, and MMS9-b with MMS9-c)
or even less than ~100 au (CSO33-b and MMS2-a). Finally, one
source, CSO3-b, is part of a binary system, whose other com-
ponent, CSO3-a, is about 7000 au away and out of the primary
beam (see Fig. A.1).

All the sources are detected at a >100 level. We resolve all
the sources at 246.2 GHz, except CSO33-c and MMS9-c, which
we only marginally resolve. All of the sources are clearly cen-
trally peaked, except CSO3-b for which the continuum is more
diffuse. For most of the sources the dust emission at 246.2 GHz
always extends asymmetrically, and in some cases neighbour-
ing sources are ‘linked’ by the dust emission (CSO33-a with
CS0O33-b, MMS9-a with MMS9-b and MMS9-c, and MMS2-a
with MMS2-b). MMS9-d and CSO33-c are the only two sources
of the sample that are compact with no dust emission extension
around them. Some sources are clearly elongated at 246.2 GHz,
such as FIR6¢c-a, CS0O33-a, MMS9-a, and FIR1a-b. For the first
two sources, this is due to the fact that we resolve the protostel-
lar disk emission (Tobin et al. 2020; Sheehan et al. 2020). The
protostellar disk of MMS9-a is also resolved, but it is more obvi-
ous when looking at the 333 GHz emission. CSO3-b is the only
source for which the 333 GHz emission is not detected, whilst
MMSO9-d is the only source for which the 32.9 GHz emission is
not detected.

Finally, the 333 and 32.9 GHz emission are always more
compact than the 246.2 GHz emission. This may be due to sev-
eral factors. The first factor would be that VLA observations
are more sensitive to larger grains than ALMA observations,
therefore tracing a slightly different region than with ALMA
observations. Another factor could be the difference in sensi-
tivity: VANDAM ALMA data at 333 GHz are ten times less
sensitive than our ALMA data at 246.2 GHz. Finally, the maxi-
mum recoverable scale (MRS) of the different observations can
also play a role. Whilst the MRS of our ALMA observations
is ~9” (3500 au), the MRS of the VANDAM observations are
~7" (2700 au) at 333 GHz and ~5” (2100 au) at 32.9 GHz. Our
246.2 GHz data are thus likely filtering less emission compared
to those at 333 and 32.9 GHz. In summary, the sources have very
different morphologies, therefore constituting a very interesting
Z00.

5.2. Flux densities and source size derivation

In order to derive a meaningful dust SED, the flux density at
each frequency (333, 246.2, and 32.9 GHz) has to be measured
with the same source size. Considering that we have different
sets of observations with different angular resolutions and in
order to remain consistent in the size choice when measuring
the flux density at each wavelength and for each source, we used
the method described below.

We used the ORANGES data set to perform a fit of the 16
sources in the visibility plane with the task uv_fit in MAPPING
from the GILDAS package. We chose to fit each source with
either a point source or a simple 2D Gaussian function, circu-
lar or elliptical depending on what was the best fit. The source
size (i.e. the size of the fitted component) is given as an out-
put of the fit, except when using the point source function. All
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Table 2. 16 analysed sources, their coordinates, and the known parameters from the Herschel HOPS observations.

b b b
Source (JgRO?)O) (JZD(TSO) HOPS name “»  Herschel classification® IEbzlo()) Té’i’é;) A(/IZ':I‘:)) Notes
CSO33-a 05:35:19.41 —05:15:38.41 HOPS-56-B 0 233 48.1 0.8
CSO33-b 05:35:19.48 —05:15:33.08 HOPS-56-A-A/B/C 0 23.3 48.1 0.8 triple system
CSO33-¢c  05:35:19.81 —05:15:35.22 V2358 Ori 0 233 48.1 0.8
FIR6¢c-a 05:35:21.36  —05:13:17.85 HOPS-409 0 8.2 28.4 1.8
FIR2 05:35:24.30 -05:08:30.74 HOPS-68 1 5.7 100.6 1.0
FIRla-a  05:35:24.87 -05:07:54.63 HOPS-394-B 0 6.6 45.5 0.2
FIR1la-b  05:35:24.05 -05:07:52.07 HOPS-394-A 0 6.6 45.5 0.2
MMS9-a 05:35:25.97 -05:05:43.34 HOPS-78-A 0 8.9 38.1 0.2
MMS9-b  05:35:26.15 —05:05:45.80 HOPS-78-B 0 8.9 38.1 0.2
MMS9-¢  05:35:26.18 —05:05:47.14 HOPS-78-C 0 8.9 38.1 0.2
MMS9-d 05:35:25.92 -05:05:47.70 HOPS-78-D 0 8.9 38.1 0.2 no VLA counterpart
MMS5 05:35:22.47 -05:01:14.34 HOPS-88 0 15.8 42.4 0.4
MMS2-a 05:35:18.34 —-05:00:32.96 HOPS-92-A-A/B Flat@ 20.1 186.3 5.6 binary ©
MMS2-b 05:35:18.27 —05:00:33.95 HOPS-92-B Flat 20.1 186.3 5.6
CSO3-b  05:35:16.17 —05:00:02.50 HOPS-94 I 6.7 123 0.1 no 333 GHz counterpart
SIMBA-a 05:35:29.72 -04:58:48.60 HOPS-96 0 6.2 35.6 1.9

Notes. @Fischer et al. (2013). ®Furlan et al. (2016). ©Tobin et al. (2020). “Protostars characterised by a flat spectral energy distribution (SED)

in AF, from ~2 pm to 24 pum.

visibilities are considered, but a single-component fit corre-
sponds to the most compact and intense emission component of
the sources. The nature of the fitted component is likely the disk
+ inner envelope (warmest and densest part of the envelope).
The extended envelope, which makes only a small contribution,
remains thus in the fit residuals. For the sources fitted with a
point source function we used the deconvolved size given at
333 GHz (or 32.9 GHz if not available at 333 GHz) in Tobin
et al. (2020) since these observations have a smaller beam than
ours. Once the size for each source is determined, we convolved
it with the beam size of each data set (333 GHz, 246.2 GHz and

32.9 GHz; see Table 1 using the formula s = 62

beam
this resulted in an ellipse of size Gops-Mmay X Gobs-MmiN that we used
on the image plane to measure the flux density with the proce-
dure flux in MAPPING. An example of uv fit result for one of
the source samples is shown in Fig. B.1. We verified a posteriori
that the flux density given by the uv fit and the one measured on
the image plane are consistent within 30% at 246.2 GHz. This
is due to the difference between the area under the full width
at half maximum (FWHM) of a Gaussian and the area under a
total Gaussian, in which the flux densities are measured on the
image plane and in the visibility plane respectively. Some of our
sources show a difference of up to 50%, likely because those
sources have the most extended continuum emission.

The flux density uncertainties include a 10% amplitude cal-
ibration error. For the derived source sizes, we used the 10%
calibration error even if the size was taken from Tobin et al.
(2020) since they estimated their calibration to be better than
10% as well. The errors given by the fit in the visibility plane
are negligible as they tend to be less than 1%. The derived flux
densities at 333, 246.2, and 32.9 GHz, the derived source sizes,
and the fitting results are summarised in Table 3.

2 .
+ esource >

5.3. Specific cases

Several specific cases arose during the source fitting. First,
for CSO33-a, FIRla-b, MMS9-a, and MMS9-b we could
not get a satisfactory fit for the sources. We thus used the
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deconvolved sizes given in Tobin et al. (2020). Second, the
source FIR1a-a could be fitted only with a point source func-
tion. However, no deconvolved size was available in Tobin et al.
(2020). We then fitted the source with an arbitrary chosen size,
covering the whole compact emission at 246.2 GHz (correspond-
ing to about a 500 contour). Last, CSO33-b is a marginally
resolved triple system at 246.2 GHz, whilst it is resolved at
333 GHz. We chose to fit the triple system with an arbitrary size
that was large enough to include the three components of the
system. Hence, for FIR1a-a and CSO33-b, caution was taken for
the analysis of their results as the sizes chosen were very likely
overestimated, which would therefore lead to underestimating
the dust optical depths, H, column densities, and the (envelope +
disk) masses. For the same reason, the dust emissivity spectral
indexes for those two sources do not necessarily represent the
real values.

6. Physical parameters of the sources
6.1. Source multiplicity

In the nine initially targeted fields, we found six multiple sys-
tems at a spatial resolution of 0.25” (~ 100 au), which is 67%
of the source sample (with a statistical error of 33%). Among
these multiple systems, there are three binaries (CSO3, MMS?2,
and FIR1a), two triple systems (CSO33 and FIR6c), and one
quadruple system (MMS9Y). Our resolution does not allow us to
disentangle the triple system of CSO33-b and the binary system
of MMS2-a (linear separation less than 100 au), which are both
resolved in the VANDAM survey with 0.1 resolution (Tobin
et al. 2020).

Other studies have been performed in order to assess the
multiplicity of Class 0 and I sources. On average, a multiplicity
percentage of 64% is found among Class 0 protostars with lin-
ear separations in the range 50-5000 au (e.g. Looney et al. 2000;
Maury et al. 2010; Enoch et al. 2011; Tobin et al. 2013), whilst it
is between 18% and 47% for Class I sources with linear separa-
tions in the range 45-5000 au (Haisch et al. 2004; Duchéne et al.
2004, 2007; Connelley et al. 2008a,b).
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Fig. 1. Continuum maps of the nine fields in Table 1, resolved into several cores, listed in Table 2. Each panel shows the superposition of the
ORANGES 246.2 GHz dust continuum (ALMA, grey shaded area + black contours) with 333 GHz continuum (ALMA, green contours) and
32.9 GHz continuum (VLA, red contours), the latter retrieved from the ALMA archive. For the continuum at 246.2 GHz, levels start from 30~ with
steps of 5o, except for FIR6¢ for which levels starts at So- and for CSO33, MMS9 and CSO3 for which level steps are of 70-. Contours for the
333 GHz data start at 5o with steps of 5o, except for CSO33 and FIR1a-a for which contours start respectively at 30~ with steps of 3¢~ and at 100
with steps of 5o-. Contours for the 32.9 GHz data start at 5o~ with steps of 5o, except for FIR1a-a, FIR1a-b, and CSO3-b for which contours start
at 30~ with steps of 50 and for MMS9 for which contours start at 40~ with steps of 5o. Table 1 reports the 1o~ values at each wavelengths. The
synthesised beams at 246.2 GHz (black), 333 GHz (green), and 32.9 GHz (red) are depicted in the lower left corner of each panel.

Therefore, if we take into account only systems with linear
separations in the range 45-5000 au, we find a multiplicity of
67% (with a statistical error of 40%) for Class 0 sources, consis-
tent with that of the other studies. However, for Class I sources,
since we do not consider the source CSO3 because the projected
separation between the two components is larger than 5000 au,
our sample of two sources is statistically too poor to be compared
with the other studies.

Finally, we found a marginal anti-correlation between the
number of protostars in each system and the distance of the sys-
tem in the OMC-2/3 filament from the Trapezium OB cluster,
with a Pearson correlation coefficient of —0.58 (or 34% proba-
bility) as shown in Fig. 2. The multiplicity of the sources seems
thus to be higher in the southern part of the filament than in the
northern part. However, our source sample is rather small, which
leads to high statistical uncertainties. Obviously, a study with a
larger sample of sources is needed to confirm or disprove these
two results.

6.2. Method to derive the dust properties and free-free
emission

From the measured flux densities and source size in Sect. 5.2,
we derived the dust emissivity spectral index (8) and the free-
free contribution, the dust optical depth, the H, column density,
and the (envelope + disk) mass using the SED method as follows.

The flux density per beam (i.e. each dust SED point) is given
by the equation
Fv:Bv(Td)(l _e_Tv) Q, (D
where F, is the flux density, Qg is the source solid angle,
and B,(Ty) is the Planck function which depends on the dust
temperature, Ty, as follows:

2hy?

1
B,(Ty) = —Q

@

ho °
el — ]
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Table 3. Measured flux densities and source sizes of the 16 sources in Table 2.

F, (333 GHz) F, (246.2 GHz) F, (32.9 GHz) Decon. size at 246.2 GHz

Decon. PA  Notes

Source (mly) (mly) (mly) &) ©)

CS033-a 70 32 0.23 0.79 x0.39@ 61.1

CS0O33-b 31.0 10 0.12 0.60 % 0.60 The flux densities include the triple system
CS033-c 15 0.9 0.044 0.07 x0.07

FIR6c-a 93 44 0.7 0.31x0.13 —-64

FIR2 65 28 0.41 0.17x0.17

FIR1a-a 14 7 0.09 0.23x0.20 36.2 The flux densities correspond to a ~500 contour at 1.3mm
FIR1a-b 11 4.7 0.20 0.25%0.13@ 80.7

MMS9-a 164 72 0.8 0.44x0.14@ 171.1

MMS9-b 4.6 24 0.05 0.05 % 0.05 @ 179.4

MMS9-c 4.6 2.0 0.031 0.10x0.10

MMS9-d 3.5 2.0 <0.02® 0.13x0.13

MMS5 90 39 0.6 0.15x%0.13 -26.3

MMS2-a 74 33 0.24 0.13x0.13 —-40.0 The flux densities include the binary system
MMS2-b 86 43 0.5 0.17x0.12 -6.7

CS03-b <1® 0.6 0.05 0.03x0.02© 492

SIMBA-a 108 53 0.6 0.13x0.11 472

Notes. Flux density uncertainties are 10%. “’Deconvolved size at 333 GHz and associated PA are from Tobin et al. (2020). ®30 upper limit.
©@Deconvolved size at 32.9 GHz and associated PA are from Tobin et al. (2020).

Table 4. Definition of each of the temperatures used in this study.

Temperature Symbol  Definition

SED temperature T'sep Dust temperature constrained from the SED method over the frequency range
32.9-333 GHz.

Bolometric temperature Tho Temperature of a blackbody with the same mean frequency as the observed
SED.

Dust radiative temperature Traa Dust temperature of a dust grain radiatively heated by a Ly, source and at a

distance r from the heating source.

i
6 Pearson's coefficient= —0.6 |
|
OMC-2 1 OMC-3
|
5 . !
o |
2 €s033 |
o 1
s 4 [ )
g |
13 | MMS9
© 1
s 3 . : .
H FIR6c ! MMS2
€
3 2 . 3 ]
FIR1a | €s03
|
1 D | ) ]
FIR2 | MMS5  SIMBA—a
o )

1 1.5 2 2.
Projected distance from the Trapezium OB cluster (pc)

Fig. 2. Number of protostars in each of the nine targeted fields (Table 1)
as a function of the projected distance from the Trapezium OB cluster
in pc. The magenta line separates the sources in the OMC-2 and OMC-3
filaments.

The dust optical depth 7, is defined as

v B
Tv=#mHNH2RKo(V—) , (3)
0

where yu=2.8 is the mean molecular weight of the molecular
cloud per hydrogen molecule (Kauffmann et al. 2008), my is
the mass of the hydrogen atom, R =0.01 is the mass dust-to-gas
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ratio, and ko = 0.9 cm? g~! is the emissivity of the dust grain at
the reference frequency of vy =230 GHz (Ossenkopf & Henning
1994).

In the following we indicate as Tsgp the dust temperature
derived from the SED method, according to Egs. (1) to (3), to
distinguish it from other ways to derive T, described below at
Step 6 (see also Table 4).

Step 1, derivation of B and Tsgp. From Eq. (1), we
derived the dust emissivity spectral index between 333 and
246.2 GHz (B333—246.2)5 333 and 32.9 GHz (ﬂ333_32.9), and 246.2
and 32.9 GHz (B146.2-32.9) using Eq. (4). As we do not know the
sources dust temperature, we derived the indexes for Tsgp rang-
ing from 10 to 200 K, with steps of 10 K between 10 and 100 K
and steps of 20 K between 100 and 200 K:

F )

(Vl )ﬁ I (1 -
v ——Fp
2 In (1 B> (Tsep )

For sources without clear free-free emission (see Step 2), we
calculated the weighted mean between S333-329 and Bra62-32.9
for each T4 to derive the final used 8. We note that we did not
use [333-246.2 because of its fairly large uncertainty. For sources
with free-free emission, we adopted 8 equal to 5333-246.2. In some
cases we were able to constrain the dust temperature to be larger
than a minimum temperature because the observed flux density

Fy )
By1 (Tsep )<y

“
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would become lower than the predicted value, F, < B, (Tq) €,
at lower temperatures.

Step 2, presence of free-free emission. From the dust
emissivity spectral index derived in Step 1 we can assess whether
there is free-free emission. The derived B333-32.9, 8333-32.9, and
Bra62-329 only differ when free-free emission at 32.9 GHz is
present (where we assume that free-free emission is not present
at 246.2 and 333 GHz). In that case, 8333-2462 is expected to be
larger than B333-329 and B46.2-32.9 since a free-free contribution
leads to smaller S8 values. Therefore, sources presenting a vari-
ation in S in the different frequencies are those with free-free
emission.

Step 3, derivation of . We derived the dust optical depth,
Ty, as a function of (Tsgp) by inverting Eq. (1):

i ) . )

T,= - ln(l S —
BV(TSED)QS

For sources with no free-free emission at 32.9 GHz, we cal-
culated the dust optical depth at each frequency. For sources

with free-free contribution at 32.9 GHz we did not calculate the
optical depth at this frequency.

Step 4, derivation of Nyz and Meny,qisk- We derived the Hy
column density, Ny, as a function of the SED temperature using
Eq. (3). For sources without free-free contribution we calculated
Ny, at each frequency; we used the weighted mean of 8 derived
in Step 1, which is a function of (Tsgp). We then averaged the
derived Ny values between the three frequencies to get a final
Ny as a function of the SED temperature. For sources with cen-
timetre excess we did not calculate Ny, at 32.9 GHz, and we
used B333-2462- We then averaged the Ny, values between 333
and 246.2 GHz to get a final Ny, as a function of the SED
temperature.

Finally, we derived the (envelope + disk) mass of the sources,
Menydgisk- We note that following the derivation of the source
size, (envelope + disk) mass refers to the mass of the disk and
of the immediate and warm envelope (densest and most compact
component of the envelope). We used the equation

Menyrdisk = umuNpd*Q, (6)

where d is the distance of the OMC-2/3 filament.

Step 5, derivation of the fraction of free-free emission at
32.9 GHz, FF. Having derived the dust emissivity spectral index
(Step 1) and Ny, (Step 4) and using Egs. (1) and (3), we can
quantify the percentage of free-free emission FF as a function of
the SED temperature for each source. To that end, we calculated
the flux density at 32.9 GHz that we should have measured if the
emission were only due to thermal dust emission, and then com-
pared it to the flux density we actually measured. We therefore
derived the percentage of free-free emission at 32.9 GHz as a
function of the SED temperature for each source.

Step 6, derivation of the dust radiative temperature T,aq.
For the sources that are not multiple systems and for which the
bolometric luminosity Ly, can be trusted, we computed the dust
radiative temperature, Ty,q, defined as the temperature of a dust
grain radiatively heated by a L, source and at a distance r
from the heating source. The following formula, roughly valid
for an optically thick dust spherical envelope, provides a good

approximate value of Ty,q (Ceccarelli et al. 2000, Eq. (1)):
1/4 _
L o 1/2
dezlolK( ool ) ( 4 ) . )

10 Lo 50 au
In our case, r is the radius of the dust continuum emission source
(Table 3). In the case of elliptic sources, we did the calculations
for both the major and minor axis to get a range of possible values
for Traq.

The Tag computed in this way provides an approximate value
of the dust temperature at the border of the continuum emission
source and, if the emission is optically thick, it would be approx-
imately the measured dust temperature. Therefore, it can be used
to have an approximate value of the dust temperature in the cases
where it could not be otherwise constrained (see Step 1).

Step 7, construction of dust SEDs from the derived dust
parameters. Once we have constrained the dust temperature,
the dust emissivity spectral index, and the H, column density
ranges for each of our source samples, we can plot the dust SEDs
corresponding to those derived parameters. To this end, we used
Egs. (1), (2), and (3) to calculate the flux density associated with
these parameters as a function of frequency, within the dust tem-
perature range derived from the Step 1. When they were available
we also used T,g and Tyo. We used frequencies in the range [10,
340] GHz, with steps of 10 GHz bteween 10 and 100 GHz and
with steps of 20 GHz between 100 and 340 GHz. This results in
a range of possible dust SEDs for a given set of dust parameters
(T4, B, and Nyp). To compare the calculated flux densities with
those we measured, and as a self-consistency check, we added
the latter on the dust SED plots.

Summary. We used the SED method to derive B (Step 1), 7,
(Step 3), Nz and Meqy+disk (Step 4), and FF (Step 2 and 5). In the
analysis, we used two additional temperatures (see Table 4): the
bolometric temperature, Ty, derived by Furlan et al. (2016), and
the dust radiative temperature, Tyaq4, derived from the bolometric
luminosity of each source and its size (Step 6). Finally, we used
these derived parameters to build the associated SEDs (Step 7).
All uncertainties in the derivation of 8, T,, N2, and Meqy+disk are
detailed in Appendix C.2. In the following subsections, we report
the results from this SED fitting technique.

6.3. Dust temperature

Tsep- In order to constrain the dust temperature range we
took into account that 8 should range between 0 and 2, as
discussed in Sect. 2. We thus constrained the range of dust tem-
peratures for which S respects this condition (see Fig. 3). The
derived temperature range, Tsgp, in each source is reported in
Table C.1.

Tror and Ta4. Five sources of our sample possess an esti-
mate of the bolometric luminosity and are single systems within
the spatial resolution of 0.”1 (~40 au): FIR2, MMSS5, SIMBA-
a, CSO3-b, and FIR6¢c-a. Although three sources lie in the
FIR6¢c-a Herschel beam, from which the bolometric luminosity
is derived, we note that the other two are supposedly pre-stellar
cores (Kainunlainen et al. 2017). Therefore, the bolometric
luminosity is reliably attributable only to FIR6c¢-a.

For these five sources we derived the bolometric and radia-
tive temperatures, reported in Table C.2, and the other dust
properties at these temperatures. Figures 3 and C.1 to C.4
show how these temperatures compare with the dust temperature
derived from the SED. In FIR2 and CSO3-b, T}, lies within the
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Fig. 3. Dust emissivity spectral indexes, 3, as a function of the SED temperature for each source. The indexes were derived between 333 GHz
and 32.9 GHz (black lines), 333 GHz and 246.2 GHz (green lines), and 246.2 GHz and 32.9 GHz (red lines). The shaded grey area indicates
the authorised range of 8 values (0-2) provided by theoretical works (see Sect. 2). Applying these limits on 3 constrains the possible range of Tsgp
values. For each source, the minimum and maximum values of 8 derived over the full temperature range are indicated at the top right of the plots.
For single systems, the bolometric temperature, T, derived from Herschel (Furlan et al. 2016), and the radiative temperature, 7,4, are indicated
by a vertical blue dashed line and red shaded area, respectively.
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Fig. 4. Example of dust SEDs obtained for two sources, FIR1a-b (left) and MMS2-b (right). The dust SEDs, calculated for the corresponding dust
temperature range of each source and from the final parameters derived for each source (8, Nu», are shown by the grey shaded area. These parameters
are indicated on the lower right side of the plot. Measured flux densities are represented by black filled stars. The dust SEDs corresponding to the
two extreme values of the dust temperature range are represented by the blue and green dashed lines.

range of dust temperatures that we derived from the SED. How-
ever, in the other three sources, FIR6¢c-a, MMSS, and SIMBA-a,
Tvo1 is lower. This can be explained by the fact that these objects
have high dust millimetre optical depths 7. At the mid-infrared
(MIR) wavelengths of Herschel and Spitzer the dust becomes
optically thick at a larger radius than that at millimetre wave-
lengths; consequently, the dust probed by the MIR is colder than
that probed by millimetre wavelengths.

On the contrary, with the exception of SIMBA-a and CSO3-
b, the radiative temperatures are consistent with the range
derived from the SED. They are reported in Table C.2, as are the
corresponding dust properties and free-free excess. For CSO3-
b we used the bolometric temperature and the associated dust
parameters for the analysis. Finally, SIMBA-a possess a radia-
tive temperature that is lower than that derived from the SED; in
this case we could not further constrain the temperature and we
used the results from the SED.

Hot, warm, and cold sources. We classified the sources in
four categories: (1) cold (T4 <50 K), (2) warm (74 > 50 K),
(3) hot (Tg = 90 K), and (4) unknown (sources for which the
range spans from <50 K to >90 K. Following this classifica-
tion, FIR6¢c-a, FIR2, MMS5, MMS2-a, CSO3-b, and SIMBA-a
are hot sources, while FIR1a-a and MMS9-d are cold sources.
In between, MMS9-a,b and MMS2-b are classified as warm
sources. Finally, for CSO33-a,-b,-c, FIR1a-b, and MMS9-c, the
range of dust temperatures could not be constrained.

6.4. Dust emissivity spectral index and free-free presence

Figure 3 shows the derived g as a function of the SED temper-
ature for each of the sources. Table C.1 lists the dust emissivity
spectral indexes derived between 333 and 246.2 GHz, 333 and
32.9 GHz, and 246.2 and 32.9 GHz within the constrained range
of dust temperatures. As discussed in the previous subsection,
we only consider the indexes lying in the range [0;2] in the fol-
lowing analysis. The final range of 8 values of each source used
in the following are reported in Tables 5 and C.1. The majority
of the sources (9/16) have a dust emissivity spectral index <1.
In five sources (CSO33-b, FIR2, FIR1a-b, MMS9-c, and
MMSS5), the index between 333 and 246.2 GHz (green) is larger
than the indexes between 246.2 and 32.9 GHz (red) and 333

and 32.9 GHz (black) across the derived SED temperature range.
Those sources thus present free-free emission. For FIR6¢-a and
MMS9-a, uncertainties on 3332462 are too large to definitively
assess the presence of free-free emission at 32.9 GHz.

For the remaining sources, the three derived 5 are consistent
with each other within the error bars and are thus considered as
sources without free-free emission. The results are reported in
Table 5.

6.5. Opacities and envelope plus disk masses

The derived dust optical depths vary between 0.01 and 2.4 at
333 GHz, between 0.004 and 1.6 at 246.2 GHz, and between 0.01
and 1.3 at 32.9 GHz respectively. The derived H, column densi-
ties range between 1 x 10 cm™ and 3.8 x 10> cm™2. Finally,
the derived (envelope + disk) masses range between 2 x 107 M,
and 0.1 M. All the derived values are reported in Table 5,
while the plots of these parameters as a function of the dust
temperature are shown in Figs. C.2, C.3, and C.4.

6.6. Dust SEDs

The final dust SEDs corresponding to the derived dust param-
eters for each source are shown in Fig. C.5. We show in Fig. 4
an example of two dust SED plots, for FIR1a-b and MMS2-b. In
FIR1a-b we see that the flux density at 32.9 GHz is above the
dust SEDs lines, indicating the presence of free-free emission,
while this is not the case in MMS2-b.

6.7. Fraction of free-free emission at 32.9 GHz

As said in Sect. 6.4, a 8333-24¢.2 larger than the other two derived
values of beta implies the presence of free-free emission at
32.9 GHz. In the five sources where this happens (CSO33-b,
FIR2, FIR1a-b, MMS9-c, and MMSS5) we calculated the per-
centage fraction of the 32.9 GHz emission from free-free with
respect to the dust continuum emission. The derived values are
reported in Table 5 and shown in Fig. C.1. We can see that for
these sources the derived free-free emission ranges between 47%
and 100%, whilst in sources with a priori no free-free emission,
the largest percentage that can be attributed to free-free emission
is 24%. We note that no 333 GHz emission is detected towards
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Table 5. Results for the dust parameters derived for each source.

T333

Size Ty T2462 N2-mm Menydisk FF

Source Category B New classification

T329
(au X au) (K) (x 10% cmz) (x 1072 M) (%)

0.02-0.4
CS0O33-a  310x153  20-200 Unknown 0.5-0.7 0.01-0.3 0.4-6 1-13 0-24 Class O or I
0.01-0.1

>0.01
CSO33-b 236x236 10200 Unknown 12-2.0 >0.004 >0.08 >0.2 88-100 Class 0

0.02-0.6
CSO33-c  27.5%x27.5 20-200 Unknown 0 0.02-0.5 0.7-13 0.02-0.5 0-21 Class II
0.1-1.5

0.3-0.7
FIR6c-a 122 x 51 89-134 Hot 0.1-03 0.2-0.6 7-15 1.5-4 0-21 Class 0
0.2-0.4

0.4-0.6
FIR2 67 x 67 101-108 hot 04-1.6 0.3-04 7-10 1-2 55-100 Class I

>0.1
FIR1a-a 90x79 2040 Cold 0.3-0.4 >0.1 >3 >1 0-22 Class O or I
>0.1

0.03-0.3
FIR1a-b 98 x 51 30-200 Unknown 0.5-1.9 0.02-0.2 0.4-5 0.1-1 87-100 Class 0

0.2-1.0
MMS9-a  173x55  80-200 Warm  03-04 0.2-0.7 5-19 2-17 0-23 Class 0
0.1-0.4

0.1-1.5
MMS9-b 2020 50-200 Warm 0 0.1-1.3 4-31 0.05-0.5 0-22 Class O or I
0.2-1.3

0.03-0.5
MMS9-c 39x39 30200 Unknown 0.3-1.8 0.03-0.3 0.6-7.5 0.03-0.5  47-100 Class O or I

0.3-2.4
MMS9-d 5151 10-20 Cold 0-2.0 03-14 5-38 0.5-4 Class II or background object

0.5-0.9
MMS5 59 %51 149-159 Hot 0.5-1.8 0.4-0.6 10-15 1-2 60-100 Class 0

0.4-1.2
MMS2-a 51x51 120-200 Hot 0.5-0.6 0.3-0.9 8-20 1-2 0-23 Class I
0.1-0.3

0.3-1.7
MMS2-b 51x47 80-200 Warm  0.3-04 0.2-1.3 6-30 1-5 0-22 Class I
0.1-0.6

CSO3-b 123@ hot >0 >0.02 >0.4 >0.02 >0 Class I

0.7-2.2
SIMBA-a  51x43 160-200 Hot 0.4 0.6-1.6 18-36 1-3 0-23 Class 0
0.4-0.7

Notes. First, the linear source sizes are reported in the Col. 2. Then, the dust temperature range and the corresponding category are reported in
Cols. 3 and 4 respectively. The dust emissivity spectral indexes are reported in Col. 5. The range of dust optical depth values derived at 333 GHz,
T333, 246.2 GHz, 72462, and 32.9 GHz, 73,9, as well as the H, column densities, Ny».mm, and (envelope + disk) masses, Mepy-disk, corresponding to
the derived range of temperature, are reported in Cols. 6-8. The range of free-free emission percentage at 32.9 GHz is indicated in Col. 9. In the
last column we report the new classification of the sources. @OT oL
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CSO0O3-b and, consequently, we cannot assess whether an excess
at 32.9 GHz is present.

7. Discussion
7.1. Dust properties

Dust temperature. From the above analysis (Sect. 6.3) six
sources are classified as hot (T4 > 90 K), three as warm (Ty >
50 K), and two as cold (T4 <50 K). We could not constrain the
temperature range in the remaining five sources. Our derived
temperatures are higher than those derived by previous OMC-2/3
surveys, which found temperatures lower than 30 K (e.g. Chini
et al. 1997; Lis et al. 1998; Johnstone & Bally 1999) or around
50 K towards the FIR6 region (Shimajiri et al. 2009). The dis-
crepancy can be due to the fact that we do not probe the same
region as that of these studies, and that our higher angular reso-
lution allows us to probe a more internal region of the protostar
envelope, which is warmer than the outer one.

Dust emissivity spectral index. The derived dust emissiv-
ity spectral indexes range between O and 2; the majority (9/16)
of the sources have values <1. Compared to the canonical value
expected for protostar envelopes, between 1 and 2 (e.g. Natta
et al. 2007; Jgrgensen et al. 2007; Planck Collaboration XXIII
2011; Chiang et al. 2012; Sadavoy et al. 2013; Forbrich et al.
2015; Chen et al. 2016; Li et al. 2017; Bracco et al. 2017;
Galametz et al. 2019), our range of derived values is lower.
However, several other studies at scales of 100-2000 au, such as
ours, found 8 < 1 (e.g. Jgrgensen et al. 2007; Kwon et al. 2009;
Chiang et al. 2012; Miotello et al. 2014; Li et al. 2017; Galametz
et al. 2019). Different explanations supported by theoretical,
modelling, and laboratory works are given in the literature.

The presence of large grains (millimetre- or centimetre-
sized) due to grain growth, a large optical depth, and/or dust
self-scattering can lead to a decrease in the dust emissivity index
in the (sub-)millimetre range (e.g. Miyake & Nakagawa 1993;
Ossenkopf & Henning 1994; Draine 2006; Jones et al. 2013,
2017; Wong et al. 2016; Ysard et al. 2019). However, since we
took into account the optical thickness of the dust in the deriva-
tion of the dust emissivity spectral index, large optical depths
should not affect our estimates. An example of the first expla-
nation is that inner protostellar and/or protoplanetary disks, if
present, can contribute to the decrease in the dust emissivity
index, and the measured dust emissivity spectral indexes in those
disks are usually 8 < 1 (e.g. Beckwith & Sargent 1991; Ricci
et al. 2012; Pérez et al. 2012; Ubach et al. 2012; Miotello et al.
2014; Bracco et al. 2017; Liu 2019; Nakatani et al. 2020).

Alternatively, several laboratory works found an intrinsic
dependence between the dust emissivity spectral index and the
dust temperature in the millimetre range: when the dust tempera-
ture increases, 8 decreases (e.g. Dupac et al. 2003; Menella et al.
1998; Boudet et al. 2005). Finally, another possible explanation
for the low value of § is the difference in the dust grain compo-
sition compared to that of the diffuse ISM (e.g. Aannestad 1975;
Agladze et al. 1996; Menella et al. 1998; Coupeaud et al. 2011;
Jones et al. 2013, 2017; Ysard et al. 2019).

Envelope+disk mass. Our estimated (envelope+disk)
masses are in good agreement with the values derived by the
VANDAM survey (Tobin et al. 2020), except for FIR1a-a and
MMS9-d. In FIRla-a, we only could provide lower limits
because we could not derive the source size accurately (see
Sect. 5.3), and they are higher than the values found in Tobin
et al. (2020) by at least a factor of 5. The mass derived for

MMS9-d differs by up to one order of magnitude compared
to what is found in Tobin et al. (2020). In both cases, the
discrepancy can be explained by the fact that Tobin et al. (2020)
assumed an optically thin dust, whilst the dust might actually
be optically thick, especially in the case of MMS9-d (see
Table C.1). Therefore, the dust mass for those two objects would
be underestimated in their study®.

Caution should be taken when using the estimated dust
masses as they depend on the choice of the dust opacity coef-
ficient in the millimetre wavelengths, which is known within one
order of magnitude accuracy. This uncertainty implies about one
order of magnitude uncertainty on the disk mass as well (Miyake
& Nakagawa 1993; Natta et al. 2004; Ricci et al. 2010; Fanciullo
et al. 2020).

7.2. Free-free emission

We clearly found evidence of free-free emission at 32.9 GHz
towards 5 out of 16 sources (i.e. ~31% of the source sample). We
can compare this result with the previous study from Reipurth
et al. (1999), who surveyed the OMC-2/3 filament with the VLA
at 8.3 GHz (3.6 cm). They detected 11 sources that were likely
either protostars or very young stars. Of these 11 sources, 2
coincide with some of our multiple systems, namely MMS9
and FIR1a. However, they detected free-free emission towards
the MMS2 system whilst we did not, and we detected free-free
emission towards FIR2 and MMSS5 whilst they did not. We also
found free-free emission towards CSO33-b, but this source is not
included in their mapped area.

The non-detection of 8.3 GHz emission towards FIR2 and
MMSS5 can be due to a difference in sensitivity between the
VANDAM survey observations (8 uJy beam™! sensitivity) and
those of Reipurth et al. (1999) (~ 40 uJybeam™! sensitivity).
In addition, the difference in the frequency of the two surveys
can also explain the discrepancy in the results. Thermal radio
jets and/or winds, which are likely to be responsible of the free-
free emission in Class 0 and I protostars (Anglada 1995; Anglada
et al. 1998; Rodriguez 1997), show a SED with a positive spec-
tral index at centimetre wavelengths. Therefore, if the free-free
emission is weak at 32.9 GHz, it will be even weaker at 8.3 GHz,
and thus probably not detectable at this wavelength.

Finally, a possible explanation to why we did not detect a
centimetre excess towards either of the two sources composing
the MMS2 system is that the 8.3 GHz emission traces a non-
thermal radio emission associated with a shock in the outflow
driven by the system (Yu et al. 1997). Non-thermal emission
at centimetre wavelengths have been detected in YSO jets (e.g.
Rodriguez et al. 1989; Marti et al. 1993; Garay et al. 1996; Wilner
et al. 1999; Anglada et al. 2018) and is usually found in strong
radio knots, away from the core, with a negative spectral index
at centimetre wavelengths. Therefore, if the emission is seen at
8.3 GHz, it is not necessarily seen at 32.9 GHz. In the MMS2
field we do not see any other clear 32.9 GHz emission apart from
that seen towards the centre of the protostars, which strengthens
this hypothesis.

7.3. Evolutionary status

Our sample sources have been previously classified into Class 0,
Class I and Flat objects based on SEDs from Herschel, Spitzer,

6 For the sake of completeness, we also compared the estimated mass
of our sources with those derived by Herschel (Furlan et al. 2016) and
found our masses to be between one and two orders of magnitude lower
than those of Herschel. This is most probably due to the fact that our
observations probe smaller regions than that of the HOPS survey.
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Table 6. Proposed criteria for defining the evolutionary status of our sample sources based on the derived dust emissivity spectral index, 3; the dust
and bolometric temperatures, Ty and T, ; the presence or not of an outflow; and the presence or not of a compact radio continuum source.

. T4/Tool Outflow Compact radio continuum
Evolutionary status B K (Y/N) (Y/(Y)IN)
PSC 1-2 Tq <10 N N
Class 0 <1.5 Tvor <70 Y Y
Class I <1 Tvor =70 Y Y
More evolved (=Class II) 0-1 T4 € [10-100] Y (Y)

Notes. The range of the dust emissivity spectral index and temperature are based on the discussion in Sect. 2.

and submillimetre APEX photometric observations (see Furlan
et al. 2016). However, the angular resolution of these observa-
tions does not allow us to disentangle multiple systems where
components have close projected separations, as is the case
for most of our sources. Hence, cross-correlating information
between the different parameters we derived in this work with
previous pieces of information (the presence or not of outflow,
Tvo1), We can reassess the nature of our source sample more
accurately. Even though historically Class 0 and Class I pro-
tostars have been classified based on single-dish observations,
we propose here to determine the source’s evolutionary stage,
using the criteria summarised in Table 6. We note that two
of our sample sources are close multiple systems (CSO33-b
and MMS2-a). Since our 246.2 GHz data does not allow us to
disentangle those multiple systems, we analyse them as single
systems. The evolutionary stage of each source is presented in
Table C.1.

7.3.1. Sources whose previous classification is confirmed

Overall, we could confirm the evolutionary stage of ten sources,
six confirmed Class I protostars and four confirmed Class I
protostars.

Class 0. The presence of an outflow and of a compact radio
continuum emission are two characteristics of the Class 0 and
I sources (e.g. André et al. 1993; Anglada 1996; Bontemps
et al. 1996; Barsony et al. 1998; André 1997). FIR1a-b, MMSS5,
SIMBA-a, and FIR6¢c-a are sources for which the two properties
are clearly observed as an outflow was detected towards these
sources in previous studies (e.g. Aso et al. 2000; Williams et al.
2003; Takahashi et al. 2008; Tobin et al. 2016; Tanabe et al. 2019;
Feddersen et al. 2020; Nagy et al. 2020). A large outflow was
also detected towards the MMS9 and CSO33 systems, but the
angular resolution does not allow us to determine which of the
components is actually the driving source (e.g. Williams et al.
2003; Takahashi et al. 2008; Tanabe et al. 2019; Feddersen et al.
2020).

The dust emissivity spectral indexes are consistent with a
Class O classification, although in the cases of FIR6¢c-a and
SIMBA-a the index could be consistent with a Class I classifica-
tion. However, for those sources, and for MMS5 and MMS9-a,
the derived range of dust temperatures is surprisingly different
from the previously derived bolometric temperature. This indi-
cates that these objects have a large optically thick envelope (see
Sect. 6.3), testimony of their young age. They have one of the
widest ranges of derived (envelope + disk) masses and temper-
atures. Furthermore, the derived dust optical depths derived in
this work are high enough at low temperature to support this
hypothesis (see Table C.1). The derived dust temperature of at
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least 80 K and the derived range of values of dust emissivity
spectral index of MMS9-a is consistent with a Class 0 classifica-
tion. In the case of FIR1a-b and CSO33-b, the dust temperature
is not constrained enough to use this criteria; however, a high per-
centage of free-free emission is detected, which indicates that the
two sources are quite young. In summary, CSO33-b, FIR6c-a,
FIR1a-b, MMS9-a, MMSS5, and SIMBA-a are very likely Class 0
sources.

Class I/Flat. Four sources (FIR2, MMS2-a, MMS2-b, and
CSO3-b) were previously classified as Class I/Flat spectrum
sources, and their status is confirmed with this work. However,
we note that this work does not allow us to differentiate between
a Class I and a Flat spectrum classification. Therefore, we do not
make the distinction between the two classifications, and we use
the term ‘Class I’ only to designate either of the two possibilities.

The derived dust temperature for MMS2-a and MMS2-b are
at least 120 and 80 K respectively, high enough to be consistent
with a Class I classification. In the case of CSO3-b and FIR2
the bolometric temperatures of 123 and 108 K, respectively, con-
sistent with the derived dust temperature range, are the reason
why these sources are classified as a Class I sources. Then, the
derived dust emissivity spectral index for MMS2-a and MMS2-b
is <1, coherent with this classification. For FIR2 and CSO3-b the
dust emissivity spectral index could not be constrained enough.

Free-free excess has been detected only towards FIR2, which
could indicate that the source is a bit less evolved than MMS2-a
and MMS2-b. An outflow has been detected towards the MMS?2
system (e.g. Aso et al. 2000; Williams et al. 2003; Takahashi
et al. 2008; Tanabe et al. 2019; Feddersen et al. 2020), but we
need high angular resolution studies to understand which of
the two sources is the driving source, and thus which of the
two sources is younger. Finally, in the case of CSO3-b, we can
see that the 32.9 GHz emission is quite weak, but we cannot
determine whether free-free emission is present. Additionally,
no sign of outflow features has been detected towards CSO3-b
(e.g. Williams et al. 2003; Takahashi et al. 2008) and the derived
radiative temperature is significantly higher than the other proto-
stars. This could indicate that CSO3-b is more evolved than the
three other sources. In summary, FIR2, MMS2-a, MMS2-b, and
CSO3-b are very likely Class I/Flat sources.

7.3.2. Sources whose previous classification is modified

FIR1a-a. FIR1a-a was previously classified as a pre-stellar
core (Tobin et al. 2015, 2016; Kainunlainen et al. 2017) because
no outflow is detected towards this source (e.g. Tobin et al.
2016; Nagy et al. 2020). However, the presence of compact radio
emission at 32.9 GHz is incompatible with this classification
(Bontemps et al. 1996; Yun et al. 1996). The dust temperature
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derived is less than 40 K suggesting a cold source, but the size
of the source having been likely overestimated (see Sect. 5.3), the
temperature and dust optical thickness could be underestimated.
The range of dust emissivity spectral index values is compatible
with either a Class 0 or I classification, although it is more con-
sistent with a Class I classification (8 € [0.3;0.4]). No free-free
emission is detected at 32.9 GHz towards the source which could
support this classification. In summary, FIR1a-a could be either
a Class 0 or I protostar, but further investigations are needed to
decide on one class over the other.

CS033-a, MMS9-b, and MMS9-c. CSO33-a, and MMS9-b
and MMS9-c are part of the Class 0 systems CSO33 and MMS9,
respectively. A compact centimetre emission is also detected
towards CSO33-a, MMS9-b, and MMS9-c, but whether they
drive an outflow is unknown. Outflows have been detected
towards CSO33 and MMS9, but the angular resolution of the
observations was insufficient to determine which of the sources
actually drives them (e.g. Williams et al. 2003; Takahashi et al.
2008; Tanabe et al. 2019; Feddersen et al. 2020). The dust emis-
sivity spectral indexes of these sources are very different, with
£<0.7 for CSO33-a, =0 for MMS9-b, and g € [0.3;1.8] for
MMS9-c. The spectral indexes are consistent with both Class 0
and I, except for MMS9-b for which the spectral index is con-
sistent with a Class I or even Class II classification. However, as
seen on the map of the MMSO field (Fig. 1), extended dust is still
present around MMS9-b, which therefore indicates that a Class
II classification is not suitable.

Whilst MMS9-b has a derived dust temperature of at least
50 K, which is consistent with a Class 0 source classification,
the dust temperature for all the other sources is not sufficiently
constrained. For CSO33-a, a recent study from Sheehan et al.
(2020) shows evidence of a disk embedded in a massive enve-
lope, which could indicate that the source is quite young and
would favour a Class 0 classification. This is consistent with the
fact that the derived (envelope+disk) mass for this source is the
highest in the source sample. On the other hand, for MMS9-b
and MMSO9-c, the relatively narrow (envelope+disk) mass range
derived would favour a Class I classification. Free-free emis-
sion is detected only towards MMS9-c, but in order to determine
if the source could be younger than the other two sources, we
need more information on the origin of the free-free emission. In
summary, further investigations on the gas temperature and the
presence or absence of outflows will help us to decide between
Class 0 or I for CSO33-a, MMS9-b, and MMS9-c.

CS033-c. CSO33-c is part of the Class 0 system CSO33.
However, several parameters show that the source is more
evolved than a Class 0 or Class I protostar. First, the source is
extremely compact, is rather isolated, and resembles a disk. The
dust emissivity spectral index is about 0, which is consistent with
what is found for protoplanetary disks of Class II sources (e.g.
Beckwith & Sargent 1991; Ricci et al. 2010, 2012; Pérez et al.
2012; Tazzari et al. 2021). In summary, CSO33-c is very likely a
Class II source.

MMS9-d. Finally, MMS9-d is the most puzzling source.
This source is cold (Ty < 20 K) and closely resembles CSO33-c
in terms of geometry. The dust emissivity spectral index range
is not constrained, which does not help us to understand the sta-
tus of this source. Thus, it could be a Class II protostar with
a disk seen edge-on as it is cold. However, our 246.2 GHz
ALMA data include a C'®0 line. We thus examined the C'30
emission towards both CSO33-c and MMS9-d in order to be
sure that those objects are associated with the filament. A clear
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Fig. 5. Map of the continuum at 246.2 GHz towards the OMC-2/3 fil-
ament, adapted from Chini et al. (1997) and Nielbock et al. (2003).
The upper left insert (square grid) is taken from the SIMBA map of
Nielbock et al. (2003). The dotted line indicates the limits of the con-
tinuum map at 1.3mm. Contours rise linearly from a 30~ rms noise
level, the rms noise of the map being 25mJybeam~' (Chini et al.
1997). The sources from our sample are shown as coloured circles and
triangles, colour-coded depending on the ranges of dust temperature
derived in this work: blue means cold (74 <50 K), yellow means warm
(T4 > 50 K), red means hot (T4 > 90 K), and white means that the
temperature is not constrained enough. The shapes of the symbols are
organised from M., .q4isx derived values: the smallest circles for sources
with a range of values <0.01 M, the largest circles for sources with the
highest range of values (>0.01 M), medium circles for sources with an
intermediate range of values, and triangles for lower limits. The three
black arrows pointing outside of the filament show the direction to the
different HII regions surrounding OMC-2/3. Some black crosses and
filled dots are present throughout the figure, and represent some of the
2MASS sources and MIR sources from TIMMI 2 observed by Nielbock
et al. (2003).

C'80 emission line is found at the position of CSO33-c, but
it is not clear whether the C!'30 emission is associated with
MMS9-d (see Fig. D.1). In addition, the source does not show
emission at 32.9 GHz. In summary, the source is either evolved
(>Class II) or a background object (perhaps a galaxy).
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7.4. Environment influence

One of the goals of this study is to understand whether the envi-
ronment plays a role in the dust properties of the OMC-2/3
filament protostars. As said before, the filament is bounded by
several HII regions which illuminate the region. In a previous
work it was shown that the large-scale (<10* au) chemical com-
position of the gas around the present source sample is largely
governed by the UV photons emitted by the massive stars pow-
ering the HII regions (Bouvier et al. 2020). In this work, our
aim was to understand whether this highly illuminated environ-
ment influences the small-scale (protostellar cores) properties
as well. To this end, we studied whether all parameters previ-
ously derived (8, T4, Menv+disk, free-free emission) depend on the
position of the protostars in the filament.

First, most of the hot sources are located in the north of the
filament, in OMC-3, whilst less warm and cold sources tend to
be located in the middle of the filament (towards the MMS9
and FIR1a regions), as seen in Fig. 5. The distance between the
NGC1977 HII region and SIMBA-a is about the same as the dis-
tance between CSO33-a and the Trapezium OB cluster to the
south (~1pc in both cases). M43 is closer than the other two
HII regions (~0.3 pc) from the protostars. Therefore, protostars
at the edge of the filament could be warmer due to the nearby
HII regions. However, we do not have enough information on
the temperature of the southern sources (CSO33-a, CSO33-b,
and CSO33-¢) in order to draw final conclusions on whether
the nearby HII regions play a role in the dust temperature of
the sources. Moreover, from Fig. 5, we do not find any correla-
tion between the (envelope + disk) mass of the sources and their
position in the filament. These results show a different trend than
that found in other systems, where the disk and dust properties
of the sources are influenced by nearby sources of UV illumina-
tion (e.g. Eisner et al. 2018; Haworth 2021; Brand et al. 2021).
This discrepancy is very likely due to the fact that our sources
are located further away from the UV illumination source than
in those studies, and that they are more shielded from the UV
illumination as they are still embedded in the molecular cloud.

Second, we found no correlation between the dust emissivity
spectral index, 3, and the positions of the sources in the OMC-
2/3 filament, as seen in Fig. 6, implying that the environment of
the OMC-2/3 filament does not affect the evolutionary status of
the sources. This would tend to suggest an almost simultaneous
star formation along the OMC-2/3 filament, in agreement with
the idea that the latter are structures formed by a relatively fast
compression. This result is strengthened by the fact that the more
massive protostars (=0.1 M) seem to be located throughout the
filament with no particular trend, as shown in Fig. 5.

Third, we found a correlation between 8 and the percentage
of free-free emission, with a Pearson correlation coefficient of
0.81 (corresponding to a probability of 66%), as shown in Fig. 6.
Therefore, objects with higher dust emissivity spectral index
seem to show higher free-free emission percentage. However, the
sources with higher free-free emission percentage are not nec-
essarily the youngest ones (i.e. Class 0) since, for instance, we
find free-free emission towards Class I (FIR2) and not towards
SIMBA-a (Class 0). This result is consistent with other stud-
ies showing no substantial evidence of strength variation of the
free-free emission from Class O to I sources (Pech et al. 2016;
Tychoniec et al. 2018b).

Evidently, the low statistics and relatively large errors in
the parameters of the sources where the dust temperature is not
well constrained hamper very strong conclusions on the impact
of large-scale UV illumination on low-scale star formation.
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Fig. 6. Main results obtained from the dust parameters derivation of the
sources. Top: spectral emissivity index, 8, for each source as a function
of the position in the OMC-2/3 filament. The dashed blue line indi-
cates the separation between the OMC-2 and OMC-3 clouds. Bottom:
spectral emissivity index, 3, as a function of the percentage of free-free
emission derived for each source. In both panels, the grey filled rect-
angles and arrows represent the values of the parameters (8, free-free
emission) associated with the bolometric and/or radiative temperatures
of the corresponding source. For clarity, a colour is associated with each
system (blue for CSO33, green for FIR1a, orange for MMS9, and pink
for MMS?2). The possible values for these sources are represented with
their corresponding coloured area.

Even so, the present work already suggests the potentiality of
larger statistical studies towards low-mass star-forming regions
to assess whether the presence of external, nearby UV sources
has any impact on the forming protostars.

8. Conclusions

Using new 246.2 GHz ALMA data from the ORANGES project
complemented with archival 333 GHz ALMA and 32.9 GHz
VLA data from the VANDAM survey (Tobin 2019a,b; Tobin
et al. 2020), we have constructed the 100 au scale dust SED in
the millimetre to centimetre range of 16 protostars located in
the OMC-2/3 filament. We have derived several dust parame-
ters, such as the dust temperature, the dust emissivity spectral
index, the (envelope+disk) mass of the protostars, and whether
free-free emission is present towards the sources. Here are our
main conclusions:

— From the dust continuum maps, we detected 28 sources, of
which 16 could be analysed in this study. Almost all the
sources are detected at 333, 246.2, and 32.9 GHz;

— (67 £33)% of our fields reveal multiple systems, with aver-
age projected separations of at least 1000 au. There is a
possible correlation between the number of components of
a multiple system and the position of the sources in the fil-
ament, with a higher number of components in the south of
the filament, but this trend is marginal;
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— From the derived dust temperatures, we could classify the
sources in four categories: cold (T4 <50 K), warm (Tyq >
50 K), hot (T4 > 90 K), and unknown (T4 not constrained).
For three sources, Herschel likely probes the large gas enve-
lope surrounding the small-scale protostars, which results in
bolometric temperatures lower than the dust temperatures
derived in this paper, and indicating that these sources are
quite young;

— The dust emissivity spectral index of the sources ranges
between 0 and 2, with a majority of sources with 5 < 1. This
range of values coincides with what has been derived in other
Class 0 and I sources. Several parameters could lead to a low
index, such as grain growth in disks already formed, or the
composition of the interstellar grains;

— Our results are consistent with the presence of free-free
emission in 5 out of 16 sources, implying that they are rela-
tively young sources. A positive correlation between the dust
emissivity spectral index and free-free emission is in agree-
ment with the fact that younger objects (large ) are usually
accompanied by free-free emission;

— We were able to confirm or correct the evolutionary stage
of our source sample, with six Class 0 sources, four Class I
sources, one Class II source, and one source that could be
either a Class II or a background object. For the remain-
ing four sources, further investigation is needed to decide
between a Class 0 or I evolutionary stage;

— The highly illuminated environment of the OMC-2/3 fila-
ment does not seem to affect the small-scale structure and
dust properties of the OMC-2/3 protostars, although the
sources at the edges of the filament could be warmer due
to the nearby HII sources. However, we need to better con-
strain the dust temperature of the sources in order to confirm
this result.
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Appendix A: Large fields maps

Table A.1 contains the list of all detected sources from the nine
fields. The maps of the 246.2 GHz ALMA data showing all the
detected sources in each field are shown in Fig. A.1. The field of
SIMBA-a is not shown as SIMBA-a is the only source detected
within its field.

Table A.1. All detected sources in the nine observed fields, with their
coordinates and equivalent name in the HOPS nomenclature.

Field Source R.A. (J2000)  Dec.(J2000) HOPS name?
CS0O33-a 05:35:19.41  —05:15:38.41 HOPS-56-B
CS0O33 CS033-b 05:35:19.48  —05:15:33.08  HOPS-56-A-A/B/C
CS033-c 05:35:19.81  —05:15:35.22 V2358 Ori
V1334 Ori  05:35:17.92 —05:15:32.84 HOPS-56-D
FIR6¢c-a 05:35:21.36  —05:13:17.85 HOPS-409
FIIR6¢-c 05:35:21.69  —05:13:12.69
FIR6¢
FIR6¢c-b 05:35:20.78  —05:13:23.24
FIR6d 05:35:20.15  -05:13:15.71 HOPS-59-A
FIR2 FIR2 05:35:24.30  —05:08:30.74 HOPS-68
MIR18 05:35:25.23  —05:08:23.90 HOPS-69
FIR1a-a 05:35:24.87 —-05:07:54.63 HOPS-394-B
FIR1a-b 05:35:24.05  -05:07:52.07 HOPS-394-A
FIR1-a  MIRI7-A  05:35:25.58 —05:07:57.66 HOPS-71-a
MIR17-B 05:35:25.54 -05:07:56.83 HOPS-71-b
MIR16 05:35:25.72  —05:07:46.25 HOPS-72
MMS9-a 05:35:25.97 —05:05:43.34 HOPS-78-A
MMS9-b 05:35:26.15  —05:05:45.80 HOPS-78-B
MMS9  MMS9-¢ 05:35:26.18  —05:05:47.14 HOPS-78-C
MMS9-d 05:35:25.92  —05:05:47.70 HOPS-78-D
MIR12 05:35:25.76  —05:05:58.15 HOPS-76
MMSS5 MMS6 05:35:23.42  -05:01:30.53 HOPS-87
MMS5 05:35:22.47  —05:01:14.34 HOPS-88
MMS2-a 05:35:18.34  —05:00:32.96 HOPS-92-A-A/B
MMS2-b 05:35:18.27  —05:00:33.95 HOPS-92-B
MMS2  MIR4 05:35:17.74  —05:00:31.06
MMS1 05:35:18.05  —05:00:18.00 J05351805-050017.98
€SO3 CSO3-a 05:35:15.05  —05:00:08.06 HOPS-93
CSO3-b 05:35:16.17  —05:00:02.50 HOPS-94
SIMBA-a SIMBA-a  05:35:29.72 —04:58:48.60 HOPS-96

Notes. @Fischer et al. 2013; Furlan et al. 2016

Appendix B: Fit and residuals

We present here one example of uv fit result towards SIMBA-
a. The best fit was obtained for an elliptical Gaussian of size
0.13x0.11” with a position angle of —47. After convolving with
the beam, we obtained an ellipse of size 0.35x0.29” that we
used to measure the associated flux densities.

Appendix C: Dust SED results and uncertainty
derivation

C.1. Dust parameters

Plots of the derived free-free emission percentages, the opti-
cal depths, the H, column densities, and the (envelope + disk)

masses as a function of the SED temperatures. The results are
gathered in Tables C.1 and C.2.

C.2. Derivation of uncertainties

In order to derive the uncertainties of the different quantities,
we use error propagation. In general, the error of an arbitrary
function g(xy,...,x,) with uncertainties (6xi,...,0x,), 1S

g : g :
Ag= || — nl -
q \/(a)qéxl) + +((9x,,6x

The formula used to derive the uncertainties of the dust emissiv-
ity spectral index, dg; dust opacity, dr; H, column density, dNys;
and (envelope + disk) mass, d Meny-disk are shown below:

(C.1)

2
oF,
AB* = [_ il }
In (%) n (1 - 55-) (QuBo1 = Fu1)
2
+( 6F,, ]
In(2)in(1 - 54) QB2 — Fo)
695 ’ FVI
* 1 (V_l) Fy
n V2 QS(BVIQs - Fvl)ln(l - Bvlvﬂ,;)
P 2
- = - ] : (C2)
Q (B, Q2 — FVZ)ln(l - szle)
1 F 2
At = OF, + | Z2£6Q,]| , Cc3
’ B,Q,—F, * (QX ) (C3)
1 v 2
ANpy = ———+— 6Ty2 + (Tvln (—) 6/3) , (C.4)
umpRko(5-)P Yo

AM g saisk = mid A (dQSNm)* + 2NpQ35d)? + (NipddQ)?.
(C.5)

C.3. Dust SEDs plots

We show here the obtained dust SEDs for each of the source sam-
ples, corresponding to the derived dust parameters (83, T4, and
Nyz). We added to each plot the measured flux densities as a
self-consistency check.

Appendix D: C!¥0 maps

We present here the C'30 (J =2 — 1) maps towards the CSO33
and MMS9 fields.
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Fig. A.1. 246.2 GHz continuum maps of some of the sample sources with a large field of view to show the detection of the sources located outside
the primary beam. Contour levels start at 50~ except for CSO33, FIR2 and CSO3 for which contour levels start at 3. Level steps are 50 for FIR6c,
FIR2, MMS9, MMS?2 and CSO3, 7o for CSO33 and FIR1a and 100 for MMSS. The primary beam is indicated by the dashed circles and the beam
size is represented at the bottom left of the plots. These maps are not corrected for the primary beam.
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Fig. B.1. Example of a uv fit for SIMBA-a. Left: 246.2 GHz continuum map of SIMBA-a with contours starting from 50 with steps every 5o
(see Table 1 for 1o values). The source size derived from the fit and convolved by the beam is indicated by the green ellipse. Right: Image of the
residuals of the uv fit. The synthesised beam is depicted in black in the lower left corner of each panel.
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Fig. C.1. Free-free emission at 32.9 GHz as a function of the SED temperature for each source. The shaded grey area corresponds to the range of
temperature for which the 8 values derived are authorised. For each source the minimum and maximum values of the free-free emission percentage
derived over the full temperature range are indicated at the top right of the plots. For single systems, the bolometric temperature, T, derived from
Herschel (Furlan et al. 2016) is indicated by a blue dashed line and the radiative temperature, 7,4, by a red dashed area or by a red dashed line in
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Fig. C.2. Dust optical depths, 7,, as a function of the SED temperature at 333 GHz (red lines) and at 246.2 GHz (green lines) for each source.
The shaded grey area corresponds to the range of temperature for which the 3 values derived are authorised. The full range of optical depth values
derived over the temperature range for each source is indicated on the top right side of the plot. For single systems, the bolometric temperature,
Ty, derived from Herschel (Furlan et al. 2016) is indicated by a blue dashed line and the radiative temperature, 7,4, by a red dashed area or by a
red dashed line in the case of FIR2. Black arrows indicate that the derived values are lower limits.
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Fig. C.3. H, column densities, Ny, as a function of the SED temperature for each source. The shaded grey area corresponds to the range of
temperature for which the S values derived are authorised. For each source the minimum and maximum values of Ny, derived over the full
temperature range are indicated at the top right of the plots. For single systems, the bolometric temperature, Ty, derived from Herschel (Furlan
et al. 2016) is indicated by a blue dashed line and the radiative temperature, Ty,4, by a red dashed area or by a red dashed line in the case of FIR2.
Black arrows indicate that the derived values are lower limits.
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Fig. C.4. Envelope+disk masses, Mepy.disk, as a function of the SED temperature for each source. The shaded grey area corresponds to the range
of temperature for which the 3 values derived are authorised, which constrains the possible range of 7, values. The range of (envelope + disk)
masses derived over the temperature range for each source is indicated on the top side of the plots. For single systems, the bolometric temperature,
Ty, derived from Herschel (Furlan et al. 2016), is indicated by a blue dashed line and the radiative temperature, 7,4, by a red dashed area or by a
red dashed line in the case of FIR2. Black arrows indicate that the derived values are lower limits.
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Table C.1. Results of the dust parameter extraction using the SED method for each source. The range of SED temperature derived for each
source follows the constraints given by theoretical and observational works on 3 (see Sect. 2). First, the linear source sizes are reported in the
second column. Then, the SED temperature range is reported in Col. 3. The dust emissivity indexes, between 333 GHz and 246.2 GHz (8333-24622),
333 GHz and 32.9 GHz (B333-32.9), and 246.2 GHz and 32.9 GHz (B1462-329) are reported in Col. 4. The range of dust optical depth values derived
at 333 GHz, 7333, 246.2 GHz, 72462, and 32.9 GHz, 73,9, as well as the H, column densities, Nyg>.mm, and (envelope + disk) masses, Meny+disks
corresponding to the derived range of temperature, are reported in Cols. 5 to 7. The range of free-free emission percentage at 32.9 GHz is indicated

in the last column.
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) PB333-2462 T333
Source Size Tsep B333-329 T246.2 Nu2-mm My +disk FF
Pa62-329 T329
[au X au] (K] [x10%cm?] [x102M,]  [%]
02-17 0.02-04
CSO33-a 310x153 20-200 04-0.8 0.01-0.3 0.3-25 1-13 0-24
04-0.7 0.01-0.1
1.2-34 >0.01
CS0O33-b 236x236 10-200 0.3-0.6 >0.004 >0.1 >0.2 88-100
02-04
-0.5-0.9 0.02-0.6
CSO33-¢c 275x%x275 20-200 -0.5--0.3 0.02-0.5 1-13 0.02-0.5 0-21
-06--04 01-15
0.1-2.9 02-1.6
FIR6¢c-a 122 x 51 60-200 0.1-0.6 0.2-1.1 4-27 1-7 0-23
0.0-0.3 0.1-0.7
04-3.2 0.2-1.1
FIR2 67 X 67 70-200 0.1-0.6 0.1-0.7 3-16 05-3 49-100
0.0-0.3
-0.1-14 >0.1
FIR1a-a 90 x 79 20-40 0.2-0.5 >0.1 >3 >1 0-22
0.1-0.5 >0.1
05-22 0.03-0.3
FIR1a-b 98 x 51 30-200 -0.3-0.0 0.02-0.2 04-5 01-1 87-100
-0.5--0.3
0.3-3.0 0.2-1.0
MMS9-a 173 x 55 80-200 0.3-0.8 0.2-0.7 3-19 2-7 0-23
0.2-0.5 0.1-04
-0.3-27 01-15
MMS9-b 20x20 50-200 -0.1-03 0.1-13 3-31 0.05-0.5 0-22
-0.1-0.2 02-13
0.3-23 0.03-0.5
MMS9-¢c 39x39 30-200 0.1-0.5 0.03-0.3 0.6-7 0.03-0.5 47-100
0.0-04
-05-26 03-24
MMS9-d 51 x 51 10-20 03-14 5-37 0.5-4
04-2.7 04-1.0
MMS5 59 x 51 140-200 0.1-0.5 0.3-0.7 6-16 1-2 56-100
0.0-0.3
0.3-3.0 04-12
MMS2-a 51 x 51 120-200 0.5-1.0 0.3-0.9 7-20 1-2 0-23
0.4-0.8 0.1-0.3
-02-22 03-1.7
MMS2-b 51 x47 80-200 0.2-0.6 02-13 6-29 1-5 0-22
0.2-0.5 0.1-0.6
CS03-b 10-200 >0.01 0.2 >0.01
>-14
-0.1 =33 0.7-22
SIMBA-a 51x43 160-200 0.3-0.8 0.6-1.6 16-36 1-3 0-23
02-06 0.4-0.7
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Table C.2. Bolometric and radiative temperatures, Ty,o and Ty, for the four sources of our sample that are single systems, their corresponding dust

parameters (ﬁy Menv+disk)a

and the free-free emission percentage.

Source Thol Bbol My FFrpo1 Trad Brad Mraq FFrraq
K] [x 1072 M) [%] [K] [x 1072 Mo)] [%]

FIR6c¢c-a 28.4 89-134 0.1-0.3 1.5-4 0-21

FIR2 100.6 0.4-1.6 1.1-1.9 56-100 108 04-1.6 1.0-1.8 55-100

MMS5 42.4 . 149-159 0.5-1.8 1.0-1.9 60-100

CSO3-b 123 >-0.7 >0.02 >0 265-324

SIMBA-a 35.6 126 -136
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Fig. C.5. Dust SED obtained for each source from the derived dust temperatures; dust emissivity spectral indexes, 8; and H, column density, Ny,.
For each source the dust SED of the two extreme values for the corresponding dust temperature range are indicated by blue and green dashed lines.
The possible dust SEDs corresponding to the intermediate values of dust temperatures are represented by the grey shaded area. For FIR6¢-a, FIR2,
MMSS5, and CSO3-b the dust SEDs corresponding to the derived range of T,,q and/or Ty, are also represented by red dashed lines and a red shaded
area. Measured flux densities are represented by black stars. Lower limits are represented by coloured arrows.
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Fig. D.1. CSO33 and MMS9 maps of C'®0 (J=2 — 1) (in grey shades and black contours) with the 246.2 GHz continuum contours superposed
(in green). The C'®0 contours starts at 30 (1o~ = 4.8mJy/beam for CSO33 and 1o = 3 mJy/beam for MMS9) with steps of 5o~. Continuum contours
starts at So- with steps of 100 (see Table 1 for the 10 values). The complete description for the molecular observations setup will be presented in a
forthcoming paper (Bouvier et al. in prep.). Arrows are pointing towards CSO33-c and MMS9-d.
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