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ABSTRACT

Context. OMC-2/3 is one of the nearest embedded cluster-forming regions that includes intermediate-mass protostars at early stages of
evolution. A previous CO (3-2) mapping survey towards this region revealed outflow activity related to sources at different evolutionary
phases.

Aims. The present work presents a study of the warm gas in the high-velocity emission from several outflows found in CO (3-2)
emission by previous observations, determines their physical conditions, and makes a comparison with previous results in low-mass
star-forming regions.

Methods. We used the CHAMP+ heterodyne array on the APEX telescope to map the CO (6-5) and CO (7-6) emission in the OMC-2
FIR 6 and OMC-3 MMS 1-6 regions, and to observe *CO (6-5) at selected positions. We analyzed these data together with previous
CO (3-2) observations. In addition, we mapped the SiO (5—4) emission in OMC-2 FIR 6.

Results. The CO (6-5) emission was detected in most of the outflow lobes in the mapped regions, while the CO (7-6) was found
mostly in the OMC-3 outflows. In the OMC-3 MMS 5 outflow, a previously undetected extremely high-velocity gas was found in CO
(6-5). This extremely high-velocity emission arises from the regions close to the central object MMS 5. Radiative transfer models
revealed that the high-velocity gas from MMS 5 outflow consists of gas with ng, = 10*~10° cm™ and T >200 K, similar to what is
observed in young Class 0 low-mass protostars. For the other outflows, values of ny, > 10* cm™ were found.

Conclusions. The physical conditions and kinematic properties of the young intermediate-mass outflows presented here are similar
to those found in outflows from Class 0 low-mass objects. Due to their excitation requirements, mid—J CO lines are good tracers of
extremely high-velocity gas in young outflows likely related to jets.
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1. Introduction

Intermediate-mass (IM) protostars, i.e. protostars whose mass
is in the range from 2 to 8 M, provide crucial information on
the star formation process because they link the low- and high-
mass star formation (e.g. Crimier et al. 2010). IM protostars share
some properties of massive protostars, such as their ability to
ionize the surrounding gas, and that they exist in clusters. On
the other hand, they present the advantage that they are more
numerous and therefore are located at closer distances (1 kpc)
than most of the massive star-forming regions. Therefore, they
could fill the gap between low- and high-mass star formation
studies. Despite their relevance, very little is known about the
formation and early evolutionary stages of IM protostars (e.g.
class O-type objects). Although some detailed studies have been

* Based on observations acquired with the Atacama Pathfinder Exper-
iment (APEX). APEX is a collaboration between the Max-Planck-
Institut fiir Radioastronomie, the European Southern Observatory, and
the Onsala Space Observatory.
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conducted in recent years (e.g., Beltran 2015; Takahashi & Ho
2012; Takahashi et al. 2009, 2006; van Kempen et al. 2012;
Crimier et al. 2010; Beltran et al. 2008; Fuente et al. 2007,
2001; Zapata et al. 2004, 2005), little information is available,
in particular about outflows from class O-type sources.

Observations have shown that outflows from IM protostars
(hereafter IM outflows) share some characteristics of outflows
from low-mass protostars, such as the high collimation factor
in early evolutionary phases (Beltrdn et al. 2008). On the other
hand, IM outflows are, in general, intrinsically more energetic
than those driven by low-mass sources (Beltran et al. 2008;
Takahashi et al. 2008). The values of the outflow momentum
rate, Foy, are higher in IM protostars than in low-mass objects,
which may be an indication that IM young stellar objects (YSOs)
accrete material faster (at a higher accretion rate) than low-mass
ones (Beltrdn et al. 2008).

Regarding their physical parameters, such as kinetic tem-
perature (Tki,) and H, density (n), only for a few cases have
they been determined via observations of more than one CO
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transition (e.g., Cep-E and NGC 2071: Gémez-Ruiz et al. 2012;
Chernin & Masson 1992; Hatchell et al. 1999). The best studied
case is Cep-E, in which a multi-line CO study at high spectral
resolution uncovered different excitation components related to
the different kinematic structures (Lefloch et al. 2015). In the
jet component, the emission from the low—J CO lines (from
J=1-0 to J=5-4) is dominated by a gas layer with T, = 80—
100 K, and n = (0.5-1) x 10> cm™; while the high—J CO lines
(from J=12-11 to J=16-15) trace warmer and denser gas,
with Tyin =400-750 K, and n = (0.5-1) x 10° cm™3. In the out-
flow cavity, the low—J CO lines are dominated by a gas layer
with Ty, =55-85 K, and density in the range (1-8) X 10° cm™3;
while the high—J lines are dominated by a hot, denser gas layer
with Ty, =500-1500 K, and n=(1-5)x 10° cm™3. The termi-
nal bowshock consists of gas with moderate excitation, with a
temperature in the range Ty, = 400-500 K, and density n = (1—
2)x 10° cm™3. These observations show a complex excitation
structure of the outflow, with the CO (5-4) line (close to what
we later call mid—J CO lines) contributing mostly to a rela-
tively low-excitation component from the jet and cavity, and a
moderate excitation component from the bowshock.

In a previous paper (Gomez-Ruiz et al. 2013, hereafter
Paper 1), we presented a study of the CO (6-5) and (7-6) emis-
sion (throughout the paper referred to as mid—J CO transitions)
in two low-mass class O outflows, namely L.1448 and HH211.
In both objects we found CO (6-5) and (7-6) emission tracing
bipolar structures. In the case of L1448, extremely high-velocity
emission (EHV), i.e. emission at relative velocities >50 km s
with respect to the cloud velocity, was detected in both transi-
tions. By performing a large velocity gradient (LVG) analysis,
we inferred that the gas related with the outflow structures is
dense (>10° cm™?) and warm (7 > 200 K). It was determined that
the EHV emission shows higher densities and temperatures than
the high-velocity emission. Based on the LVG results and the
position-velocity distribution of the emitting gas, we concluded
that these mid—J CO transitions are good tracers of molecular
material likely related to the primary jet and to the highly excited
bow-shock region in protostellar outflows.

In the present paper we extend the study of mid—J CO emis-
sion to outflows from IM protostars in the Orion molecular
cloud-2/3 (OMC-2/3), including Class 0- and I-type objects. The
main purpose of this paper is to present the study of the distribu-
tion of the warm gas traced by the CO (6-5) and (7-6) transitions
in IM outflows and compare it with the low-mass case. By incor-
porating lower—J CO transitions in our analysis, the excitation
and physical conditions of IM outflows, as traced by these lines,
were also studied.

2. Target regions

OMC-2/3 is located north of the Orion-A Giant Molecular Cloud
(OMC 1). The distance to OMC 1 range from ~390 pc to 440 pc,
given its 3-D structure determined by recent astrometry data
(Kounkel et al. 2018). This region is one of the nearest cluster-
forming sites with IM protostars (e.g. Takahashi et al. 2006,
2008, here after TOS8). In this region, filamentary molecular
clouds were discovered in the millimeter/submillimeter con-
tinuum observations with the IRAM-30m telescope and the
JCMT (Chini et al. 1997; Johnstone & Bally 1999). Within
the filaments, millimeter/submillimeter continuum sources are
found, presumably tracing prestellar and protostellar cores (e.g.,
Takahashi et al. 2009, 2012, 2013; Takahashi & Ho 2012; Chini
et al. 1997). Follow-up CO and H; molecular line observations
revealed the presence of a number of outflows originating from
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Fig. 1. CO (6-5) outflow emission in the OMC-2 FIR 6 region. Blue
contours are for the blue-shifted emission in the range from —12 to
+8 km s~!'; while red contours are for the red-shifted emission from
+14 to +30 km s~!. The first contour is 3o, with contour spacing of
20 (0=5.5 and 2.4 K km s~!, for blue- and red-shifted emission,
respectively). The black solid and dashed contours are the blue- and
red-shifted CO (3-2) emission, respectively, as presented by TOS. The
black square shows the whole field covered by our CHAMP+ observa-
tions. The triangles show the positions of the continuum sources and
the green dashed lines indicate the outflow orientation (both according
to TO8).

some of the continuum sources (T08; Yu et al. 1997; Aso et al.
2000; Stanke et al. 2002; Williams et al. 2003). One of the most
extensive molecular outflow surveys in the OMC-2/3 region was
conducted by TO8. By observing the CO (3-2) transition with
the ASTE telescope, these authors detected 14 molecular out-
flows, indicative of a high ongoing star formation activity in this
region.

From the CO (3-2) outflow survey of TO8 and its follow-up
observations, we selected the most promising sources in terms
of outflow activity (bipolar morphology and high-velocity emis-
sion) and early evolutionary stage (class O-type sources). Under
these criteria, the regions around FIR (far-infrared) 6 in OMC-2
and MMS (millimeter source) 1-6 in OMC-3 (hereafter OMC-2
FIR 6 and OMC-3 MMS 1-6, respectively) were selected for
follow-up observations in mid—J CO lines. For these sources the
derived luminosities are in the range of 6-251 and 9-150 L,
respectively, which makes them very likely IM protostars (TO0S,
Takahashi et al. 2009; Furlan et al. 2016). The envelope masses
determined by TO8 (>3 M,) are consistent with values of IM
protostars.

OMC-2 FIR 6 contains at least four millimeter continuum
sources named FIR 6a, 6b, 6¢c, and 6d (see Fig. 1). TO8 reported
the FIR 6b source as being a likely Class I-type object (based
on their SED), while the lack of sufficient information for the
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Fig. 2. CO (6-5) outflow emission in the OMC-3 MMS 1-6 region. Blue contours are for the blue-shifted emission in the range from —25 to
+7 km s~!; while red contours are for the red-shifted emission from +16 to +31 km s!. The first contour is 3¢- and contour spacing is 20 (o= 1.9
and 0.8 K km s~!, for blue- and red-shifted emission, respectively). The black solid and dashed contours are the blue- and red-shifted CO (3-2)
emission, respectively, as presented by TO8. The black square shows the whole field covered by our CHAMP+ observations. The triangles show
the positions of the continuum sources and the green dashed lines indicate the outflow orientation (both according to T08).

rest of the sources prevents us from clearly assessing their evolu-
tionary status. The CO (3-2) data towards OMC-2 FIR 6 region
revealed that two molecular outflows are driven by FIR 6b and
6¢c (see Fig. 1). As a follow-up study of TO8, Shimajiri et al.
(2009) observed the OMC-2 FIR 6 region with the Nobeyama
Millimeter Array in the 3 mm continuum, CO (1-0), and SiO
(2-1) transitions. The two outflows found in CO (3-2) were con-
firmed in CO (1-0), in addition to a third outflow emanating from
FIR 6d. The SiO (2-1) emission was found only at the blue-
lobe of FIR 6¢ outflow, but no SiO emission was clearly detected
towards the 6b outflow. From the line ratio between the CO (3-2)
and (1-0) transitions, it was found that kinetic temperature in the
outflow lobes is ~50 K (T08; Shimajiri et al. 2009).

The OMC-3 MMS 1-6 region consists of six millimeter con-
tinuum sources, named by Chini et al. (1997) as MMS (see
Fig. 2). A clear identification of the evolutionary status through
the SED was given for MMS 2 and MMS 5, which are class I-
and class 0O-type, respectively (T08; Takahashi et al. 2009). The
MMS 2 source is actually a binary system of class I sources (TOS;
Tsujimoto et al. 2004). TO8 reported clear bipolar outflow mor-
phologies originating from MMS 2 and MMS 5 in the CO (3-2)
emission. In the case of MMS 6, subarcsec resolution observa-
tions with the SMA in the CO (3-2) line by Takahashi & Ho
(2012) revealed an extremely compact molecular outflow (lobe
size of ~800 AU) associated with the continuum peak named
MMS 6-main. Furthermore, Takahashi et al. (2012) reported that
MMS 6-main is most likely in the protostellar phase. No clear
molecular outflow signatures are detected in the other MMS
sources, so that they are likely in the prestellar phase (Takahashi
et al. 2013).

3. APEX observations

In this section we describe the observations made with two
instruments of the APEX observatory.

3.1. CHAMP+ observations

Submillimeter observations towards OMC-3 MMS 1-6 and
OMC-2 FIR 6 were performed with the MPIfR principal investi-
gator (PI) instrument CHAMP™ (The Carbon Heterodyne Array
of the MPIfR, Kasemann et al. 2006) on the APEX telescope
(Atacama Pathfinder EXperiment, Giisten et al. 2006) during
November 2008 and July 2010, respectively. CHAMP™ is a dual-
color 2 x 7 pixel heterodyne array for operation in the 450 um
(low-frequency array, LFA) and 350 um (high-frequency array,
HFA) atmospheric windows. The optics allow simultaneous
observations in both colors. Both subarrays present a hexago-
nal arrangement. The front-end was connected to a fast Fourier
transform spectrometer (FFTS, Klein et al. 2006).

The CO (6-5) and (7-6) lines were mapped simultaneously
in the on-the-fly (OTF) mode, with an ON time of 0.5 second per
position, with steps of 3”. For the OMC-2 FIR 6 region a map of
60""x120 " was centered at the position of the FIR 6b source. For
the OMC-3 MMS 1-6 region a map with of 280" x150” was cen-
tered at the position of MMS 5. Table 1 shows the coordinates
(right ascension and declination) of the central position of the
maps and their average rms. Additional single-pointing obser-
vations were done on two selected positions of OMC-2 FIR 6
(called FIR 6b and FIR 6¢-B1; see Sect. 4) in a setup consisting
of 3CO (6-5) and HCO* (9-8). No emission was detected in the
HCO™ (9-8) line, with upper limits of 186 mK (77} ), and there-
fore was not further discussed. For all observations, the backend
was set to provide a total bandwidth of 2.8 GHz divided in 8192
channels for each pixel. The final spectra were re-sampled to
1.0 km s~! spectral resolution for all transitions in both sources.

During the observations, the precipitable water vapor (PWV)
was in the range of 0.3-0.7 mm. The pointing was determined
by CO (6-5) cross-scan observations on IK Tau. Pointing accu-
racy was always within 3”. The focus was checked on Jupiter
and Mars. The calibration was done by observing hot and cold
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Table 1. Map central position and rms.

rms. (K) @
Source a(J2000)  6(J2000) 2co SiO
(G) ¢’ (65 -6 4
OMC-2FIR 6b 05:35:23.4 -05:12:03 0.7 3.0 0.05
OMC-3 MMS 5 05:35:22.5 -05:01:15 0.5 1.9 -
Notes. Average rms (Tyyg) in a channel map of 1.0 km s~'.
Table 2. Characteristics of the observed transitions.
Line ) A E./k HPBW
GHz 1075 571 K "
CO (6-5) 691.473 2137 116.16 9.0
CO (7-6) 806.651 3.422 154.87 7.7
13CO (6-5) 661.067 299.0 111.05 94
SiO (54) 217107 51.96 31.26 30.5
HCO™* (9-8) 802.458 4400 192.58 7.8

Notes. Molecular data taken from LAMDA (Schaier et al. 2005).

loads. In our observations the OFF position was not checked
for emission, but this position was selected to avoid regions
known to present emission in low—J CO transitions. However,
due to an erroneous selection of the OFF position during the
13CO(6-5) and HCO™(9-8) single-pointing observations of the
FIR 6b position, contamination of the OFF position was found
in these spectra. Standard data reduction procedures such as
flagging bad spectra and base line subtraction were done with
CLASS, while images were produced with the XY_MAP task
in GReG, both programs being part of the GILDAS software!.
The griding procedure in XY_map was made to provide a final
resolution equal to the half power beamwidth (HPBW) of the
telescope at the observed frequency. Table 2 lists the observed
transitions and rest frequencies (vy), their corresponding HPBW,
upper state energy (E,), and Einstein coefficient (A).

The images and spectra are presented in main beam bright-
ness temperature scale, Tvp = T\ /ivs (v = 775/ Fett), for which
we have used a forward efficiency (Feg) of 0.95 and a beam cou-
pling efficiency (75) measured on Jupiter. During the OMC-2
observations the measured 7, was 0.48 for both LFA and HFA,
while during the OMC-3 observations 77, was 0.48 and 0.45 for
LFA and HFA, respectively. Based on the variation of the inte-
grated mid—J CO flux observed in the line pointing sources, we
estimated a 20% calibration uncertainty for both LFA and HFA
(see also Yildiz et al. 2015).

3.2. APEX-1 observations

Complementary mapping observations in the SiO (5-4) line
were carried out towards OMC-2 FIR 6 with the APEX-1 facility
instrument in September 2010. The receiver was connected to a
FFTS that provides a bandwidth of 1 GHz and 4096 channels,
which at the rest frequency of SiO (5—4) resulted in a spectral
resolution of 0.3 km s~!. The OTF map with a size of 70" x 70",
in steps of 9”, was centered at the position of the FIR 6b
source. Therefore, the map covers the central parts of the FIR 6b

' http://iram.fr/IRAMFR/PDB/gildas/gildas.html
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Table 3. Coordinates of the outflow peak positions.

Position @(J2000)  5(J2000)  UpminsUmax
¢tmy e kmsT)

FIR 6b-Bl  05:35:21.2  —-05:12:15 5.8
FIR 6b-R1  05:35:23.7 —05:11:59 14,30
FIR 6¢-Bl  05:35:21.6  —-05:13:00 16,8
FIR 6c-B2  05:35:21.7 —-05:13:00  —10,8
MMS 5-B1  05:35:21.3  -05:01:16  —95,7
MMS 5-RI  05:35:22.5 —05:01:14 16,75
MMS 2-BI  05:35:182  —-05:00:32  —127
MMS 2-R1  05:35:17.7 —05:00:34 16,30

Notes. Velocity boundaries of the outflow emission (see Sect. 4).

outflow lobes and the blue lobe of the FIR 6c¢ outflow. The point-
ing accuracy was checked by CO (2-1) cross-scan observations
on IK Tau. Pointing accuracy was always within 5. The focus
was checked on Jupiter and Mars. The calibration was done by
observing hot and cold loads. The data reduction and image pro-
cessing are similar to the procedure described for the CHAMP+
observations, using CLASS and GReG. The final spectra were
re-sampled to a 2.0 km s! spectral resolution. In order to
convert to Tp scale, the nominal values of 0.95 and 0.75 were
adopted for the forward and beam coupling efficiency, respec-
tively. A calibration uncertainly of 20% is also expected for this
receiver, based on the flux variation of the line pointing sources.

4. Results

In order to define the outflow velocity range we use the CO (6-5)
channel maps and the spectra taken at different outflow posi-
tions. We defined the lower boundary limit (vy,;,) by looking for
outflow morphologies clearly separated from the ambient diffuse
emission. We then established v,,x from the spectra taken at the
peak positions within the outflow’s lobes. In our case, v« Was
defined as the velocity in which the emission in the spectrum
drops below the 30 level. The velocity limits for all identified
outflows and the positions of the outflow peaks are given in
Table 3. Based on the measurements of the H'>*CO* (1-0) line
by Aso et al. (2000), throughout the paper we assume the cloud
LSR velocity (Visg) of +11 km s~

4.1. OMC-2 FIR 6 outflows

In the following we describe the results obtained for the CO
(6-5) and CO (7-6), *CO™* (6-5), and SiO (5-4), respectively.

4.1.1. CO (6-5) and CO (7—6) emission

Figure 1 shows the CO (6-5) emission detected in the FIR 6
region, integrated along the blue- and red-shifted wings. Figure 1
also shows the CO (3-2) wing emission from T08. We found the
two outflows related to FIR 6b and FIR 6c¢, reported previously in
CO (3-2) by TOS8. Both outflow lobes from FIR 6b are detected
in CO (6-5), and also the blue-shifted lobe from FIR 6c¢ (the red-
shifted lobe was not covered by our map). Four emission peaks
were found at the outflow positions, which we list in Table 3. The
CO (6-5) emission from FIR6b seems to peak closer to the cen-
tral source than the CO (3-2) emission. Convolutions to the CO
(3-2) beam confirms that this tendency is not an effect of the dif-
ferent angular resolutions. On the other hand, the peak position
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Fig. 3. CO (6-5) sample spectra at selected positions (see Table 3)
within FIR 6 outflows (1 km s~! spectral resolution). The dashed line
indicates the cloud velocity.

of the CO (6-5) emission in the blue lobe of FIR 6¢ outflow is
consistent with the location of the CO (3-2) emission peak. No
high-velocity emission tracing outflows from FIR 6a and FIR 6d
was found. In the case of FIR 6d we are not able to unambigu-
ously probe the outflow emission, since the outflow structures
revealed by previous low—J CO observations are located right at
the edge of our map. Around the northern edge of the map, blue-
and red-shifted emission is also noticed; however, these struc-
tures are not classified as a clear outflow by TOS8, and therefore
we exclude these structures in the analysis that follows.

Figure 3 shows the spectra taken at the position of the
emission peak of each lobe. In all positions, the peak of the
CO (6-5) profiles is found at the cloud systemic velocity
(Visr = 11.0 km s71). Three positions show wings (FIR 6b-R1)
and secondary peaks at high velocities (FIR 6¢c-B1 and FIR 6c-
B2). At the FIR 6b-B1 position the line profile only extends
down to Visg =5 km s~!.

The CO (7-6) emission was detected mostly at low veloc-
ities (Visr =8-14 km s71), tracing the cloud and/or envelope
emission. At the outflow peaks the CO (7-6) emission is barely
noticed (S/N < 5) in the spectra.

4.1.2. 3CO (6-5) emission and opacity estimation

In Fig. 4 we show the '*CO (6-5) spectra taken at two posi-
tions within the FIR 6 region: the FIR 6b source and FIR 6¢-B1.
The 3CO (6-5) emission is only detected in about three chan-
nels, around the cloud velocity. All spectra in Fig. 4 show the

emission peaking at the systemic velocity (Visg =11 km s71),
with a FWHM of ~2 km s~!. At the FIR 6b position an absorp-
tion feature is also present at Visg =9 km s~!, which is more
evident in the external pixels. This absorption feature is likely
due to contamination from the OFF position (see Sect. 2), and
thus the *CO (6-5) emission detected at the FIR 6b position
should be taken as a lower limit.

Based on the '3CO (6-5) observations, we estimate the '>CO
(6-5) line opacity at the FIR 6b and FIR 6¢-B1 positions. We
follow the formulation introduced in Paper I, and use the assump-
tion that the '*CO emission is optically thin and that '>?CO and
13CO have the same excitation temperature, which means that the
12CO to '3CO antenna temperature line ratio provide a measure
of the '2CO opacity, 71, (see Eq. (1) of Paper I). Our opacity
calculations were made assuming a ['>?CO]J/['*CO] abundance
ratio of 50 (Kahane et al. 2018). We also note that the error of
the ratios does not require additional calibration uncertainties,
since the observations were made with the same instrument and
within the same band. In Table 4 we show the opacities esti-
mated for the FIR6b and FIR6¢c-B1 positions. These estimations
are performed using the three channels around the cloud veloc-
ity. The 7, values vary from ~2 to 10. Therefore we see that the
12CO is optically thick at the cloud velocity. On the other hand,
in the outflow velocity range, where '>CO was not detected, the
30 upper limits indicate that the emission can be optically thin:
with an intensity ratio >50, 7}, is <0.4. Based on these results,
in the calculations presented in the analysis, to determine the gas
excitation and outflow properties, we assume that the '2CO (6-5)
high-velocity emission is optically thin in the FIR 6 outflows,
and in this way use the simple formulations for the optically thin
case. Although we did not observe the '3CO (6-5) line in MMS
1-6 region, we also assume that the '>CO (6-5) high-velocity
emission from the outflows in that region is optically thin.

4.1.3. SiO (5—4) emission

The SiO (5—4) emission is only detected to the SW of FIR 6b,
in the velocity range from —12 to 15 km s~!. The upper panel
of Fig. 5 shows the SiO (5-4) integrated emission map. The SiO
emission is located towards the region that corresponds to the
blue-lobe of the FIR 6¢ outflow. The angular resolution (~30")
of the SiO (5—4) observations is not sufficient to allow a clear
identification of outflow structures. The lower panel of Fig. 5
shows the SiO (5—4) spectrum averaged over the area in which
the emission is detected (indicated by the green polygon in the
upper panel of Fig. 5). The SiO (5—4) averaged spectrum shows
a velocity range —12 < Vigr < +15 km s™!. The lower panel
of Fig. 5 also shows a comparison with the CO (6-5) spectrum
averaged over the same region, obtained from a map convolved to
the same angular resolution. The velocity range is similar, sug-
gesting that the SiO (5-4) and CO (6-5) are tracing the same
outflow gas. However, while the CO profile shows a typical wing-
like profile with a main peak at low velocities, the SiO is not
wing-like and with a secondary peak at high velocities (Visg ~
—8 km s™'). This behavior, also observed in other outflows, is
indicative of the uniqueness of the SiO as a shock tracer (e.g.,
L1448: Paper I; Bachiller et al. 1990). In CO (6-5) an indica-
tion of secondary peaks at high velocities is only observed in the
spectra at the original angular resolution (Fig. 3), in fact at about
the same SiO (5-4) velocity range.

Our APEX SiO (5-4) data showed a SiO gas distribution
similar to that found in previous interferometric SiO (2—-1) obser-
vations by Shimajiri et al. (2009). In both cases the SiO emission
was detected only towards the region that corresponds to the blue
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! spectral resolution). The figure shows the seven CHAMP+

pixels for each pointing observation. Left: observation centered on FIR 6b. Right: observation centered on FIR 6¢c-B1 position (offsets with respect

to FIR 6c¢).

Table 4. '2CO (6-5) opacity around cloud Visg in FIR 6b and
FIR 6¢-B1.

Visr 12co/BCo (6-5) Opacities
(kms™") Tmp ratio
FIR 6b

10 8.6(0.3) 5.8(0.3)
11 4.8(0.1) 10.4(0.2)
12 7.3(0.3) 6.8(0.3)

FIR 6¢-B1
10 10.1(0.5) 4.9(0.2)
11 5.5(0.2) 9.1(0.3)
12 18.2(2.0) 2.5(0.3)

Notes. Parenthesis show statistical errors.

lobe of the FIR 6¢ outflow. Our larger map confirms that no
SiO emission is clearly detected from the FIR 6b outflow. Simi-
lar cases where CO outflows do not present an SiO counterpart
have been reported in the literature (see Zapata et al. 2006, for
discussion).

4.2. OMC-3 MMS 1-6 outflows: CO (6-5) and CO (7-6)
emission

Figure 2 shows the region covered by our CO (6-5) and (7-6)
maps. We clearly identified the CO (6-5) outflow emission orig-
inating from the sources MMS 5 and MMS 2. We identified four
outflow peaks, listed in Table 3. These two outflows were pre-
viously reported by TO8. However the compact outflow detected
in CO (3-2) by Takahashi & Ho (2012) emanating from MMS 6
was not detected in CO (6-5). The nondetection of this outflow is
possibly due to beam dilution, since even with Nobeyama inter-
ferometric CO (1-0) observations by Takahashi et al. (2009),
with an angular resolution of several arcseconds, the compact
outflow was not detected (see also discussion by Takahashi &
Ho 2012). No clear evidence of outflow activity towards the
remaining MMS objects was found. The outflow emanating from
MMS 5 seems to be orientated along the east-west direction,
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while for the outflow from MMS 2 the observations cannot
clearly disentangle a tendency in the outflow direction. We also
notice two blobs of blue-shifted emission on the far side of the
putative MMS 2 blue-shifted outflow lobe, which coincide with
similar structures detected in CO (3-2). Since T0O8 and Williams
et al. (2003) could not unambiguously relate these structures
with MMS2 (or the other nearby millimeter sources), for consis-
tency with the later physical parameters comparisons, we did not
take these structures into account in the following calculations.
The most intense CO (6-5) emission is related to the MMS 5
outflow, which shows an extended blue lobe, while the red lobe
shows a more compact structure.

A remarkable result from our CO (6-5) observations is the
detection of EHV emission from the MMS 5 outflow. The EHV
range is defined as Vigg = —95 to —80 km s™! for the blue-shifted
lobe and Vi gg = 60-70 km s~! for the red-shifted lobe. In Fig. 6
we show the velocity integrated emission in the EHV range, over-
laid on the near-infrared (NIR) emission (K-band, 2.12 um, taken
from TO08), and the spectra taken at the position of the peak
intensity of the EHV structures. The integrated intensity maps
show that the EHV emission is located within a radius of ~10”
from MMS 5. The blue-shifted EHV emission coincides with
the inner collimated NIR structure. The CO (6-5) spectra clearly
show secondary peaks related to these EHV features, with the
red-shifted EHV component stronger than the blue-shifted one.
The compact morphology and the characteristic line profiles sug-
gest that these components are the equivalent of the so-called
EHYV bullets found in class 0 low-mass outflows (e.g. L1448-
mm: Bachiller et al. 1990, Paper I). Although evidence for EHV
emission was not found in the CO (3-2) spectra observed by
TOS8, recent ALMA observations of CO (2-1) and SiO (5-4)
have revealed the EHV emission from MMS 5 (Matsushita et al.
2019).

The CO (7-6) high-velocity emission was detected in the
outflows associated with MMS 5 and MMS 2 (see Fig. 7). The
outflow lobes from MMS 5 in the CO (7-6) emission show a
similar structure to those traced in the CO (6-5) emission. An
EHV component in the CO (7-6) line is barely noticed at 30
only at the R1 position. In the case of the MMS 2 outflow, the
CO (7-6) high-velocity emission is coming mainly from the red-
shifted lobe, with the blue-shifted lobe only detected at the 40
level.
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Fig. 5. Upper panel: SiO (5-4) map of the FIR 6 region, integrated from
—12 to 15 km s™! (black contours), overlaid with the CO (6-5) outflow
emission (blue and red contours; as in Fig. 1). The SiO contour step
is 3o, with the first contour at 30 (00=0.38 K km s™'). Lower panel:
SiO (5-4) spectrum (black) averaged over the region indicated by the
green polygon on the top panel. To increase the signal-to-noise ratio the
spectral resolution was smoothed to 2 km s~!. As comparison the CO
(6-5) spectrum is shown in red.

5. Analysis

I the following we present the results of a radatiave transfer
analysis using two methods, as well as the determination of the
outflow parameters.

5.1. Population diagram

Under the assumption that the gas is in LTE and that the '>CO
emission is optically thin, we use the Boltzmann relation for
the level populations to estimate the rotational temperature (7)
and the total column density () at selected positions within the
outflow lobes, following the formulation presented in Paper I.
The calculations were made for the emission from the outflow
peaks reported in Table 3 (see also Figs. 1 and 2). The CO
(3-2) data taken with ASTE by TO8 were added to our APEX
data. We convolved our CO (6-5) and (7-6) observations to
the angular resolution of the CO (3-2) observations (i.e., 26”).
Table 5 shows the CO (3-2, 6-5, 7-6) integrated intensities of
the selected positions, convolved to 26” resolution. The emission

is integrated between the outflow’s wing limits, vpi, and vpax,
which we assume to be optically thin (see Sect. 4). In the cal-
culation we included the calibration uncertainties of each line,
whose value is 20% for all the cases (including the ASTE data;
see TO8). For future references, we report separately in Table 5
the intensities for the EHV range, although we do not provide
calculations for this component, given that the CO (3-2) and CO
(7-6) lines were moslty not detected.

Table 6 shows the results, T, and N, obtained from the
rotational diagram analysis. To within the errors, most of the
positions present a rotational temperature in the range of 60—
70 K, with the exception of the FIR 6b-B1 position, which shows
a lower temperature of ~30 K. In terms of the column density,
higher values are found in the OMC-2 FIR 6 positions.

5.2. Large velocity gradient

Radiative transfer calculations with RADEX (van der Tak et al.
2007) were made in the LVG approximation and plane-parallel
geometry. The molecular data was retrieved from the LAMDA
database? (Schoier et al. 2005) and the collisional rate coeffi-
cients were adopted from Yang et al. (2010).

The RADEX calculations were used to reproduce simultane-
ously the observed CO (3-2)/CO (6-5), CO (3-2)/CO (7-6), and
CO (6-5)/CO (7-6) integrated intensity ratios at different posi-
tions within the outflow lobes. The intensities are from Table 5,
and we added the calibration uncertainties already reported; we
note, however, that the ratios with the CHAMP+ lines them-
selves do not require additional calibration errors since they were
observed simultaneously.

In Fig. 8, kinetic temperature (7i,) vs. Hp density (n) plots
are shown for each outflow position. In most of the cases only
lower limits to kinetic temperature and H, density can be pro-
vided, with values of Ty, >30-50 K and n> 10* cm™3. Only
in the case of MMS 5-R1 the three ratios are able to set more
stringent constraints to the density and a higher kinetic temper-
ature lower limit: n~ 10*-10° cm™3, Ty, > 200 K. These values
indicate that the outflow driven by MMS 5 present physical con-
ditions similar to those obtained in the low-mass class 0 outflows
from L1448-mm and HH211 (see Paper I).

5.3. Outflow parameters

Using the velocity integrated CO (6-5) high-velocity maps (pix-
els with S/N above 3), we calculate the H, mass of the outflow
gas, following the relations presented in Paper I between the
total CO column density (N) and the velocity integrated emis-
sion, under the assumption of optically thin '>CO (shown to
be the case, based on the opacity upper limit determined in
Sect. 4 for the high-velocity gas at some outflow positions). The
high-velocity maps are produced by integrating the emission
between the minimun and maximum velocity of each outflow
lobe, following the vpmin,Umax Values reported in Table 3. In the
calculations we used the temperatures obtained from the rota-
tional diagram analysis (Table 6), the standard ISM value for
the relative '>CO abundance, X(H,/CO) ~ 10* (e.g., Wilson &
Matteucci 1992), and a distance to the source of 400 pc (which
is close to the average of the distance range of Orion A 3D
structure). As in Paper I, we point out that considering uncertain-
ties such as data calibration, definition of the velocity boundary
limits for the integrated emission, and opacity assumptions, the
mass determinations are usually accurate within a factor of 2-3
(see, e.g., Cabrit & Bertout 1990).

2 http://www.strw.leidenuniv.nl/~moldata/
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Fig. 6. Left: EHV CO (6-5) emission from MMS 5 outflow. The solid blue contours show the CO (6-5) emission integrated from Visg =-91 to
~78 km s~! (blue-shifted EHV range), while the solid red contours show the CO (6-5) emission integrated from Vi gg = 60-75 km s~' (red-shifted
EHV range). The first contour is 30", with contour spacing in steps of o (2.2 K km s7!). The dashed contours show the high-velocity CO (6-5)
emission as presented in Fig. 2. The background greyscale image is the NIR (K-band, 2.12 um) map taken from TOS8. Right: CO (6-5) spectrum
taken at the B1 and R1 positions (see Table 3). The vertical dot-dashed lines show the boundaries of the EHV range, while the dashed line indicates

the cloud velocity.
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Fig. 7. CO (7-6) high-velocity emission map centered on MMS 5. Blue
and red contours show the blue- and red-shifted high-velocity emission
(integrated in the same velocity ranges as in Fig. 2), respectively. Con-
tour spacing is 1o, with 30 as the first contour (c-=7.4 K km s! for
blue-shifted emission and oo =6.7 K km s~' for red-shifted emission).
The background greyscale image is as in Fig. 4, the filled triangles as in
Fig. 2. The inlay shows the CO (7-6) spectrum taken at the B1 and R1
positions, with the vertical lines as in Fig. 6.

The mass detection limit of our CO (6-5) observations,
assuming a T of 60 K (following Table 6) and the rms at
1 km s7!, is ~1 x 107 M,, inside a beam of 9”. For each out-
flow the H, mass is reported in Table 7. The total H, masses
range from ~1 X 1072 M, to 1 x 1073 M. We note that our mass
estimates based on the CO (6-5) emission are lower by a factor
of 4 with respect to those reported in Table 3 of TO8 for MMS 5,
MMS 2, and FIR 6c (blue-lobe), while it is lower by a factor of
9 for FIR 6b outflow. The higher discrepancy between the mass
estimates from CO (3-2) and CO (6-5) in FIR 6b outflow may be
mostly due to the fact that our CO (6-5) map misses the upper
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Table 5. CO integrated intensities at selected positions.

Position Velocity (kms™!) f Tmpdo(o) (K km s™1) @
(Vmnins Umax) 3-2 6-5 7-6
FIR 6b-B1 0,8 32(2)  17(1) <4®
FIR 6b-R1 14,30 22(1)  27(1) 20(4)
FIR 6¢c-B1 -16,8 23(1)  27(2) 20(5)
FIR 6¢-B2 -10,8 33(1)  39(1) 20(5)
MMS 5-B1 -25,7 36(2)  61(1) 42(4)
EHV -95,-75 <10®  11(1) 3(3)
MMS 5-R1 16,31 6(2)  16(1) 8(2)
EHV 60,75 <7®  14(1) 8(2)
MMS 2-B1 -12,7 16(2)  18(1) 12(3)
MMS 2-R1 16,30 91y  11(1) 8(3)
31,50 <8® (1) <3®

Notes. Data convolved to 26" ASTE beam (i.e. CO (3-2) transition).
@Integrated between vy, Umax. Statistical errors in parenthesis. ®3o
upper limit.

half of the red-shifted lobe, a region that was included in the
CO (3-2) mass estimation from TO8. By recomputing the mass
from the CO (3-2) emission in an area equivalent to our CO
(6-5) map, the difference is reduced to a factor of 3. The lower
masses obtained with respect to the CO (3-2) observations may
be due the typical mass estimation uncertainties we already men-
tion above; however, by looking at the maps it is clear in some
cases (such as the MMS 2 outflow) that the emitting region in
both lines is not exactly the same, with the CO (6-5) emission
showing systematically more compact structures.

We also determine other parameters such as dynami-
cal timescale (74), mass outflow rate (M), mechanical force
(Fm), kinetic energy (Ey), and mechanical luminosity (Lmech).
These quantities are defined as follows: t3=R/V, M=Mi/t,
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Table 6. Rotational diagram.

Position T.ot(K) N (10" cm™2)
FIR 6b-B1  37+9 1.5+0.8

FIR 6b-R1 69+4 1.2+0.1

FIR 6¢-B1 67+4 1.2+0.1

FIR 6¢c-B2 60+10 1.7+0.5
MMS 5-B1 83+12 22+04
MMS 5-R1  95+65 0.4+0.3
MMS 2-R1 68«5 0.48 £0.05
MMS 2-B1 63+4 0.83 +£0.09

Notes. We have used integrated intensities from Table 5. Statistical and
calibration errors are taken into account.

P=MX0nax, Fin=MxXVity, Ex=Mx6v2,./2, Lmech=Ex/ta
(e.g. Beuther et al. 2002). In the above expressions, R = Ryax/sin i
and V =0vpax/cos i, where Ry.x and Svp.x are the maximum
extension and maximum relative velocity of the lobes, and i the
angle of the lobe with respect to the plane of the sky. To com-
pare with TO8 we assumed i = 45° for all outflows. Table 7 shows
our results. Here we also point out that considering the uncer-
tainties in the mass estimation plus the geometry assumptions
mentioned above, the kinematic parameters should be accurate
within a factor of 10-30 (see, e.g., discussion in Cabrit & Bertout
1990). Within the uncertainties mentioned above our results are
consistent with TOS.

6. Discussion

In the following we first discuss our data in comparison with
other similar observations and after that focus on the case of the
EHYV emission from MMS 5.

6.1. Comparison with other mid-J CO observations

The outflow properties determined for our set of IM outflows are
not very different from the values found by other authors in low-
mass outflows (e.g., Paper I; Curtis et al. 2010). In particular, Fy,
and Ey values for the IM outflow MMS 5 (3 x 1073 M, km s~!
yr~! and 2 x 10% erg, respectively) are similar, within the typical
errors, to those found in Paper I for the low-mass class 0 outflow
L1448-mm (~8 X 10™* Mg km s~ yr~! and 2 x 10% erg, respec-
tively). We therefore conclude that the IM outflow MMS 5 is as
energetic as its low-mass counterpart in L.1448-mm. However,
we note that this may be only a particular case, since previ-
ous studies towards statistical significant samples have shown
a trend of increasing energy and mechanical luminosity as the
protostellar masses increase (e.g., Beuther et al. 2002).

van Kempen et al. (2016) presented CO (6-5) observations of
a sample of six IM protostars. They determined outflow param-
eters employing methods similar to ours, allowing for a direct
comparison. In general our results are in agreement with those
of van Kempen et al. (2016). In particular, the outflow force is
within the same range, except for the case of NGC 2071. More
discrepant are the outflow masses which are higher for most of
the sources in the van Kempen et al. (2016) sample. The latter is
likely due to the larger size of the outflow lobes in that sample,
which in turn may be an effect of the age. Given that we obtained
a similar outflow force range as found for the van Kempen et al.
(2016) sources that span a similar range of bolometric luminosi-
ties of the central objects, the correlation between the outflow
force and the bolometric luminosity holds for both our sample
and theirs.

6.2. The EHV collimated jet from MMS 5

Figures 7 and 6 show the CO (6-5) and CO (7-6) high-velocity
and EHV emission, overlaid with the NIR emission from the
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Velocity  0tmax ) Run @ 1 M(Hy)® Fin® Ec© L
(102 (10%) (107 (10°%) (10%)

range  (kms™)  (po) () (M)  (Mokms'yr) (erg)  (Lo)
FIR 6b

Blue 8 3 4 6 2 0.7 0.02

Red 19 4 2 3 3 2 0.07

Total 9 5 2.7 0.09
FIR 6¢

Blue 26 4 1 5 13 7 0.4
MMS 5

Blue 106 6 0.6 9 230 200 28

Red 59 4 0.6 5 70 30 5

Total 14 300 230 33
MMS 2

Blue 23 4 2 1 2 1 0.06

Red 19 4 2 0.4 0.5 0.3 0.01

Total 1.4 2.5 1.3 0.07

Notes. ("Maximum relative velocity of the lobe. ®Maximum extension of the lobe. @ Dynamical time. “H, mass. ®Mechanical force. ®Kinetic

energy. ”’Mechanical luminosity.

MMS 5 region. The main NIR features in this region are an
extended monopolar structure and three knots to the west of
it. These features are coincident with the CO (6-5) and CO
(7-6) blue-shifted emission. On the other hand, no NIR struc-
ture is coincident with the red-shifted CO lobe, likely because
of the known affect of extinction from the foreground gas in the
red-shifted lobes (counter-jet) (see e.g., Noriega-Crespo & Raga
2012). The NIR monopolar structure is indeed well collimated
(size ~8.7” x 1.7”, hence a collimation factor ~5), which sug-
gests the jet nature of the NIR emission. Since the knots to the
west are not well aligned with this monopolar structure, it is pos-
sible that the jet from MMS 5 is precessing. As noted in Fig. 6,
the EHV CO(6-5) blue-shifted emission seems to be coincident
with the NIR collimated monopolar structure and the closest,
brightest, NIR knot to the west of it. Therefore, the positional
correlation with this NIR structure and knot may suggest the jet
nature of the CO EHV emission. The higher angular resolution
ALMA data reveal a collimated structure of the EHV gas in the
CO (2-1) and SiO (5-4) transitions (Matsushita et al. 2019). The
similar line profile and velocity range of the ALMA CO observa-
tions indicates that our mid—J CO observations are tracing the
same outflow from MMS 5. However, the authors have found
that the EHV gas and the NIR jet are not positionally coincident,
suggesting that the H, knots may not be related to the CO and
SiO jets revealed by their data.

To our knowledge Cep-E and NGC 2071 are the only other
confirmed cases of EHV emission from IM outflows (Lefloch
et al. 2015; Gémez-Ruiz et al. 2012; Chernin & Masson 1992;
Hatchell et al. 1999), so the discovery of EHV gas from the
MMS 5 outflow is an important addition to this kind of objects
that would help to understand the jet phenomenon within the
context of star formation theories, in particular for the IM case.
Taking into account only the EHV emission and assuming that
our CO (6-5) data resolved the major axis of the blue-shifted
lobe, a dynamical timescale of ~150 yr is estimated for this
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kinematic structure, which is within the range measured in other
very young IM outflows (e.g., Zapata et al. 2006). This result
highlights the relevance of the mid—J CO lines when searching
for outflows in their early phase of evolution.

7. Summary and conclusions

The main results of this study on the mid—J CO lines from IM
outflows can be summarized in this way:

— The CO (6-5) (and in some cases the CO (7-6)) emission
in OMC-2 FIR 6 and OMC-3 MMS 1-6 was found trac-
ing outflows related to class O-type IM objects within those
regions.

— The CO (6-5) line profiles particularly highlight the sec-
ondary peaks, likely related to shock structures.

— Extremely high-velocity CO (6-5) emission was detected
from the MMS 5 outflow in the OMC-3 region. The CO
(7-6) transitions was detected at the 30 level from the red
lobe of the same outflow.

— By comparison with previous observations, we found that at
positions close to the central objects the CO (6-5) and (7-6)
emission is stronger than the low—J CO (3-2) emission. This
behavior is similar to what we found in low-mass outflows
(L1448 and HH211).

— The kinematics and physical conditions of MMS 5 outflow
suggest that it is the counterpart of the young class 0 low-
mass outflows.

From these results we can conclude that the physical and kine-
matic properties of the young IM outflows presented here are
similar to those found in outflows from Class 0 low-mass objects,
and that given their excitation requirements, the mid—J CO lines
are important tracers of young outflows likely related to jets.
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