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ABSTRACT

Aims. We aim to characterize the outflow properties of a sample of early Class 0 phase low-mass protostars in Orion, which were first
identified by the Herschel Space Observatory. We also look for signatures of infall in key molecular lines.
Methods. Maps of CO J=3-2 and J=4-3 toward 16 very young Class 0 protostars were obtained using the Atacama Pathfinder
EXperiment (APEX) telescope. We searched the data for line wings indicative of outflows and calculated masses, velocities, and
dynamical times for the outflows. We used additional HCO+, H13CO+, and NH3 lines to look for infall signatures toward the protostars.
Results. We estimate the outflow masses, forces, and mass-loss rates based on the CO J=3-2 and J=4-3 line intensities for eight
sources with detected outflows. We derive upper limits for the outflow masses and forces of sources without clear outflow detections.
The total outflow masses for the sources with clear outflow detections are in the range between 0.03 and 0.16 M⊙ for CO J=3-2 and
between 0.02 and 0.10 M⊙ for CO J=4-3. The outflow forces are in the range between 1.57× 10−4 and 1.16× 10−3 M⊙ km s−1 yr−1 for
CO J=3-2 and between 1.14 × 10−4 and 6.92 × 10−4 M⊙ km s−1 yr−1 for CO J=4-3. Nine protostars in our sample show asymmetric
line profiles indicative of infall in HCO+, compared to H13CO+ or NH3.
Conclusions. The outflow forces of the protostars in our sample show no correlation with the bolometric luminosity, unlike those
found by some earlier studies for other Class 0 protostars. The derived outflow forces for the sources with detected outflows are
similar to those found for other, more evolved, Class 0 protostars, suggesting that outflows develop quickly in the Class 0 phase.

Key words. stars: formation, stars: protostars, ISM: jets and outflows, ISM: molecules, techniques: spectroscopic

1. Introduction

Surveys of molecular clouds with the Spitzer and Herschel space
telescopes have now identified a large sample of protostars in
nearby molecular clouds (Evans et al. 2009, Dunham et al. 2013,
Manoj et al. 2013, Stutz et al. 2013, Megeath et al. 2016, Furlan
et al. 2016). These surveys provide the sensitivity, wavelength
coverage, and sample size needed to identify short-lived phases
in the formation of stars, and they refine our picture of proto-
stellar evolution. Herschel observations of the Orion molecular
clouds discovered 19 protostars with bright 70 µm and 160 µm
fluxes and faint 24 µm fluxes, also known as PACS Bright Red
sources (PBRs; Stutz et al. 2013, Tobin et al. 2015, Tobin et al.
2016). Eleven of these were not previously identified as pro-
tostars and four were not detected in 3-24 µm Spitzer images
(Megeath et al. 2012, 2016).

On the basis of their spectral energy distributions (SEDs),
protostars are broadly classified as Class 0, Class I, or flat spec-
trum protostars, which approximately correspond to different
stages in the formation of protostars (e.g., André et al. 1993,
Lada 1987, Wilking et al. 1989, Whitney et al. 2003; Furlan et al.
2016). Stutz et al. (2013) argue that these new Orion protostars
are very young Class 0 protostars, with Tbol < 50 K (compared
to < 70 K for all Class 0 objects) and Lsubmm/Lbol of 0.6% to
6% (compared to >0.5% for all Class 0 objects). Their bolomet-
ric luminosities range from 0.6 to 30 Lbol, confirming that they
are true protostars in a rapid mass infall phase (Stutz et al. 2013,
Furlan et al. 2016). Subsequent Combined Array for Research
in Millimeter-wave Astronomy (CARMA) 3 mm continuum ob-
servations supported this interpretation by showing that many
of the PBRs also have higher L3mm/Lbol than other, previously
observed, Class 0 protostars (Tobin et al. 2015). This high ra-
tio suggests that they have more massive envelopes for a given
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luminosity than most Class 0 sources. The rarity of the young
Orion sources implies ages less than 25,000 years (Stutz et al.
2013); this is 1/6 the duration of the Class 0 phase (Dunham et
al. 2014b). Although the high luminosities suggest that most of
the PBRs are not first hydrostatic cores (FHSCs), recent Ata-
cama Large Millimeter/submillimeter Array (ALMA) and Karl
G. Jansky Very Large Array (VLA) imaging suggests that one
PBR may contain a FHSC while another may not contain any
(Karnath et al. 2020).

To further study these young protostars, we carried out a
molecular line survey using the 12-m submillimeter Atacama
Pathfinder EXperiment (APEX; Güsten et al. 2008) at Llano de
Chajnantor in Chile designed to search for the signatures of in-
fall and to measure the properties of their outflows. These obser-
vations build upon previous surveys with single-dish telescopes
that show changes in infall and outflow signatures with evolu-
tionary class. This is the first systematic survey for infall toward
PBRs and the second survey for outflow (after the work by Tobin
et al. 2016).

Single-dish studies of infall have used asymmetry in self-
absorbed line profiles as an indicator of infall, with red-shifted
self-absorption as a sign of infall (Evans 2003). Although these
types of profiles may also be produced by outflow and rota-
tion, an excess number of protostars showing redshifted self-
absorption in a sample of protostars is evidence for infall. Mar-
dones et al. (1997) used the difference in the velocities of the
peaks of optically thick and thin lines to search for infall asym-
metry; they found that Class 0 protostars show an excess of red-
shifted self-absorption, which is expected from infall. In con-
trast, Class I sources show equal numbers in red- and blue-
shifted line peaks. Hence, a higher incidence of red-shifted self-
absorption profiles is a characteristic of Class 0 protostars.

Single-dish studies have also shown the evolution of proto-
stellar outflows with evolutionary class (Bontemps et al. 1996).
These measurements primarily trace gas from the envelope and
parental cloud entrained in the outflow by the transfer of momen-
tum from an accretion driven jet and wind (Arce et al. 2007).
One of the most important physical parameters of outflows is
the force, which measures the rate at which momentum is in-
jected into the outflow; from conservation of momentum, this is
a direct constraint on the momentum flow rate of jet and wind
powering the outflow. Existing observations show that outflow
force of low mass protostars increases with their bolometric lu-
minosity, but decreases as the protostars evolve from the Class
0 to Class I phase (Bontemps et al. 1996, Takahashi et al. 2008,
Curtis et al. 2010). Similarly, based on Herschel data of 50 pro-
tostars, Manoj et al. (2016) found a correlation between the far-
infrared CO luminosity, which is proportional to the mass-loss
rate, and the bolometric luminosity. However, the initial devel-
opment of outflows during the early part of the Class 0 phase
is still not well understood and lacks observations that can be
used to test models of the evolution of outflows (e.g., Machida
& Hosokawa 2013). In this paper, we aim to characterize the
earliest state of outflows from low-mass protostars by analyzing
observations of some of the youngest protostars. These obser-
vations complement those of Tobin et al. (2016), who observed
14 PBRs with CARMA in CO J=1-0 at angular resolutions of
3′′ to 6′′ and detected outflows toward eight of the 14 sources.
Outflows from four of the PBRs analyzed in this paper (HOPS
400, 401, 403, and 404) have also been detected with ALMA at
an angular resolution of 0.25′′ × 0.24′′ (Karnath et al. 2020).

In this paper, we present results from CO J=3-2 and J=4-3
maps observed at angular resolutions of 14-19′′ toward 16 PBRs.
We also present HCO+ J=3-2, H13CO+ J=3-2, and NH3 (1,1)

spectra to search for infall toward 12 PBRs. The paper is orga-
nized as follows. In Section 2 we present the observations used
in this study. Section 3 discusses the properties of the sample of
protostars analyzed in this paper. We derive physical properties
for the outflows of the protostars in Sect. 4. We discuss infall
signatures detected toward the protostars in Sect. 5. We compare
our results to previous works in Sect. 6.

2. Observations

The CO J=3-2 (345.795989 GHz) and CO J=4-3 (461.040768
GHz) maps were observed in April 2013 using the First Light
APEX Submillimeter Heterodyne receiver (FLASH, Heyminck
et al. 2006) instrument of APEX (project number m-091.f-0032-
2013). Approximately 1.5×1.5 arcminute maps were observed
toward 16 PBRs. The data were converted from an antenna tem-
perature to main-beam brightness temperature scale using main
beam efficiencies of 0.73 for CO J=3-2 and 0.60 for CO J=4-3.
The beam sizes of the CO J=3-2 and CO J=4-3 maps are 19.2′′

and 14.4′′, respectively. The reduction of the data was done us-
ing standard routines in the CLASS package of GILDAS1.

We used additional single pointing observations of HCO+

J=3-2 (267.557626 GHz) and H13CO+ J=3-2 (260.255339
GHz) data observed with the Swedish Heterodyne Facility In-
strument (SHeFI) receiver of APEX in March 2013. HCO+ data
are available for 12 of the PBRs, and were used as an optically
thick tracer to check for infall motions. As an optically thin tracer
we used the H13CO+ J=3-2 data for some of the sources. The
main beam efficiency for the HCO+ J=3-2 and H13CO+ J=3-2
data is 0.74, and the beam size is ∼25′′. The H13CO+ data were
smoothed from their original velocity resolution of ∼0.09 km s−1

to ∼0.18 km s−1 to get a better signal-to-noise ratio (S/N).

For eight sources we used NH3 (1,1) data as an optically thin
tracer of infall motions, which were observed as single point-
ings using frequency switching in April 2012 with the National
Radio Astronomy Observatory (NRAO) Robert C. Byrd Green
Bank Telescope (GBT). We used the K-band Focal Plane Ar-
ray receiver (KFPA) with the GBT autocorrelation spectrometer
as our backend. The NH3 (1,1) transition was observed in a 50
MHz spectral window divided into 4096 12.207 kHz channels
(∼0.154 km s−1). The 7 beams are laid out in a hexagonal pat-
tern with a central beam and 6 outer beams separated by 96′′.
Each beam simultaneously observes in both left and right cir-
cular polarization. The beam size of the GBT at this frequency
is 32′′ (∼13500 AU). For the analysis presented here we only
used the central KFPA beam, centered on the protostar position.
The observations were carried out in excellent conditions, the 23
GHz opacity at zenith was ∼0.04 and system temperatures were
typically ∼45 K. Each source was observed for at least 2.5 min-
utes, some sources were revisited to achieve a higher S/N with
up to 10 minutes of time on source. The typical rms noise was
0.035 K (Tmb). The raw data were reduced using the GBTIDL
package2. For each beam, the two polarizations were averaged
and the data were put on the Tmb scale by correcting for atmo-
spheric opacity and the main beam efficiency of 0.89. The data
were then baseline subtracted using a 7th order polynomial over
line free regions outside of and between the hyperfine emission
lines.

1 http://www.iram.fr/IRAMFR/GILDAS
2 http://gbtidl.nrao.edu/
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3. Identification of outflows

The sample of 16 PBRs which the maps were centered on is
summarized in Table 1, which includes the bolometric lumi-
nosities and temperatures of the protostars, based on Furlan et
al. (2016). We also show the parameters for the Class 0 source
HOPS 402, which is covered by the HOPS 401 map, the Class I
source HOPS 223, which is close to HOPS 397, and the Class 0
source HOPS 340, which is close to HOPS 341. Figure 1 shows
the average CO J=3-2 and J=4-3 line profiles observed toward
the maps. For HOPS 404 there is only CO J=3-2 data available,
all other sources were mapped in both transitions. Toward nine
of the mapped PBRs there is evidence of broad, high velocity
wings in both transitions relative to the systemic velocities of
the sources: HOPS 341, 354, 358, 372, 373, 394, 397, 399, and
401. The outflows detected in CO J=3-2 are always detected in
CO J=4-3 as well. The remainder of the protostars that show
no clear detections of line wings may be confused with other
sources.

Intensity maps integrated over 2-5 km s−1 velocity intervals
are shown in Sect. B, while maps of the emission integrated over
the velocities of the line wings are shown in Sect. C. These maps
show the structure of the high velocity gas for the sources where
outlfow wings were detected. Outflows centered on the proto-
stars with bipolar morphologies are apparent for HOPS 354, 358,
373, and 399.

HOPS 341 shows two nearly perpendicular outflows cen-
tered on the source and the nearby (∼ 5′′) HOPS 340; these out-
flows are also apparent in 4.5 µm imaging of the NGC 2071 re-
gion (Megeath et al. 2012). In our analyzis of the APEX data, we
treat this as a single outflow. Based on the 4.5 µm data, the out-
flow in the north-south direction is related to the Class 0 source
HOPS 340. As seen in the intensity maps shown in Sect. B, the
north-south outflow dominates the outflow emission detected to-
ward HOPS 341 / 340, indicating that the outflow emission to-
ward this source is dominated by HOPS 340. As HOPS 372
and 399 are located ∼20′′ from each other, the outflow param-
eters calculated for these sources correspond to the same out-
flow (Figures C.1 and C.2). Based on the CARMA interferom-
eter data (Tobin et al. 2016), the high-velocity outflow emission
toward HOPS 372 / 399 is attributed to HOPS 399. The outflow
of HOPS 372 might contribute at low velocities, but we attribute
the entire outflow to HOPS 399 in our analyzis. We label HOPS
372 as “confusion” in Table 1 to suggest that it is not detected
due to the HOPS 399 outflow. HOPS 394 only shows red-shifted
outflow emission, which may include a substantial contribution
from outflows originating from HOPS 68/69. HOPS 401 and 402
are around 19′′ offset from each other. The red-shifted outflow
emission toward the map centered on HOPS 401 is related to
HOPS 358, but not HOPS 401 and 402. The blue-shifted outflow
emission in this map may include a contribution from HOPS 401
and/or 402. Based on the results of Karnath et al. (2020), there
is no indication of an outflow toward HOPS 402 (which appears
more luminous). There is a hint of an outflow toward HOPS 401,
but not a clear detection. We consider this as a tentative detec-
tion of an outflow related to HOPS 401. HOPS 397 is found on
the edge of an outflow from HOPS 223. We consider the line
wings toward HOPS 397 as part of the HOPS 223 outflow. In
their higher resolution interferometer data, Tobin et al. (2016)
find tentative evidence of an outflow at this position. Similar to
the case of HOPS 372, we label this outflow as confusion in Ta-
ble 1. HOPS 354, one of our four protostars with isolated bipolar
outflow detections, is found to have an outflow aligned with the
plane of the sky with both blue- and red-shifted features on ei-

ther side of the source. The outflow of HOPS 405 is also found
to be in the plane of the sky in the interferometer data of Tobin
et al. (2016). The outflow is also apparent in our intensity maps
at velocities bracketing the systemic velocity (Sect. B); however,
since the spectra of this source do not show distinct line wings,
we exclude HOPS 405 from our analysis. Tobin et al. (2016) and
Karnath et al. (2020) also detect compact outflows toward HOPS
400, 403, and 404 at higher angular resolution in CARMA and
ALMA data, respectively. These outflows are not identified in
our lower angular resolution data.

To define the velocity range over which the outflows are ob-
served, we used the line emission as a function of velocity, as
shown in Sect. B. At velocity channels close to the systemic ve-
locity the channel maps show large morphological variations due
to changes in the line profile related to the superposition of dif-
ferent physical components and due to the opacity. The channel
maps at higher velocities (relative to the systemic velocity) trace
only the outflow component, and therefore do not show large
spatial variations from channel to channel. By visual inspection
of emission from channel to channel, we defined the velocity
ranges corresponding to the blue- and the red-shifted outflow
wings. The velocity intervals and the lengths of each outflow are
listed in Table 2. Figures C.1 and C.2 show the integrated inten-
sities corresponding to the blue-shifted and red-shifted outflow
lobes integrated over the velocities shown in Table 2.

4. Physical properties of the outflows

4.1. Outflow masses

We derived outflow masses in the LTE approximation, using the
method described in Yildiz et al. (2015). To calculate the mass
of the blue- and red-shifted outflow lobes, we used the intensi-
ties integrated over the velocity intervals listed in Table 2. We
calculated the upper level column density (Nu) for each pixel to-
ward which we detected high-velocity wings corresponding to
the outflow as

Nu =
β f 2
∫

TmbdV

Aul

, (1)

where β is a constant that equals to 8πk/hc3 or 1937 cm−2 GHz−2

K−1 km−1, f is the frequency in GHz, the integral of
∫

TmbdV is
the integrated intensity for the determined velocity interval, and
Aul is the Einstein A coefficient.

The total column density corresponding to a single pixel then
can be derived as

Ntotal =
Nu

gu

Q(T ) exp
Eu

kTex

, (2)

where gu is (2J+1), Q(T ) is the partition function, Eu is the en-
ergy of the upper energy level measured from ground state, k
is the Boltzmann constant, and Tex is the excitation temperature
assumed to be 75 K, similar to Yildiz et al. (2015).

The total outflow mass then can be derived using a sum over
all pixels showing high velocity emission

Moutflow = µH2
mHA

[

H2

12CO

]

∑

j

Ntotal, j, (3)

where µH2
is 2.8, mH is the mass of hydrogen, and A is the pro-

jected area of an individual pixel at the adopted distance of 420
pc (Menten et al. 2007). For the [H2/

12CO] abundance ratio, we
used 1.2×104 (e.g., Yildiz et al. 2015). Table 2 shows the outflow
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Table 1: The protostars analyzed in this paper and their observed properties based on Furlan et al. (2016). The inclinations and
the CARMA CO J=1-0 detections are based on Tobin et al. (2016). Most sources listed here are the sources which the maps are
centered on, except for HOPS 223, 340, and HOPS 402. Additional sources which are (partially) covered by the maps are shown
in Figures C.1 and C.2. Notes: 1Based on Furlan et al. (2016), 2Based on Stutz et al. (2013), 3Tentative blended outflow detection.
4The red-shifted outflow emission detected toward the HOPS 401 map is probably related to HOPS 316/358. 5Tentative detection,
low S/N.

HOPS1 PBR2 RA (deg) Dec (deg) Lbol Tbol i Outflow detection
(J2000) (J2000) (L⊙) (K) (deg) CO J=3-2, J=4-3 CARMA CO J=1-0

340 86.7554 +0.4393 1.85 40.6 yes
341 86.7541 +0.4395 2.07 39.4 blended
354 88.6011 +1.7387 6.57 34.8 nearly edge-on yes
358 86.5301 -0.2250 24.96 41.7 yes
359 86.8534 +0.3500 10.00 36.7 no

372 85.3598 -2.3056 4.80 37.3 confusion extended3

373 093003 86.6279 -0.0431 5.32 36.9 ∼50 yes extended
394 019003 83.8497 -5.1315 6.56 45.5 ∼30 tentative extended
397 061012 85.7036 -8.2696 1.66 46.1 intermediate confusion tentative
223 85.7019 -8.2762 19.25 247.5 intermediate yes extended
398 082005 85.3725 -2.3547 1.01 23.0 no no
399 082012 85.3539 -2.3024 6.34 31.1 ∼50 yes extended
400 090003 85.6885 -1.2706 2.94 35.0 ∼30 no compact

401 091015 86.5319 -0.2058 0.61 26.0 tentative4 no
402 86.5415 -0.2047 0.55 24.2 no no
403 093005 86.6156 -0.0149 4.14 43.9 ∼30 no compact
404 097002 87.0323 +0.5641 0.95 26.1 no no
405 119019 85.2436 -8.0934 1.60 35.0 edge-on no extended

407 302002 86.6177 +0.3242 0.71 26.8 ∼80 no extended5

masses for each source. The mass estimate for HOPS 394 was
made by taking all the outflow emission seen toward the source
into account, but is considered to be an upper limit, given that
some of the emission might correspond to other sources, such as
HOPS 68. To estimate a lower limit for the outflow mass of the
red-shifted lobe of HOPS 394, we assume that only the northern
one of the two blobs seen in the outflow maps (C.1 and C.2) cor-
responds to HOPS 394. This gives a mass estimate of ∼0.02 M⊙
for both CO transitions, about half of the value found by taking
all the red-shifted emission into account for the mass estimate.

4.2. Outflow forces

We calculated the outflow force FCO using a method referred
to as “the vmax method” by van der Marel et al. (2013). This is
one of the most commonly used methods to estimate the outflow
force (van der Marel et al. 2013 and references therein) and as
such, it gives a good comparison to other studies. The force is
given by

FCO = ci

MoutflowV2
max

RCO

, (4)

where Vmax is defined as |Vout − VLSR|, with VLSR as the systemic
velocity of the source and Vout as the lowest (for the blue lobe)
and highest (for the red lobe) velocity at which the outflow wing
is detected. Vout for each source is shown in Table 2 as a part
of the velocity ranges defined for the outflows, Vblue and Vred.
The VLSR values are around 10 km s−1 for all the sources except
HOPS 354 and HOPS 223, for which it is around 0 km s−1 and
5 km s−1, respectively, as seen in Figures 1 and A.1. Based on
these values and those for Vblue and Vred from Table 2, Vmax is
around 15 km s−1 for all sources in both transitions. The value of
ci is a correction factor for the inclination taken from Cabrit &

Bertout (1990) for the inclinations shown in Table 1. For sources
with intermediate inclination, and for those with no derived in-
clination we assumed an intermediate value of 50◦. RCO is the
projected size of the outflow lobes as seen in the intensity maps
corresponding to the blue- and red-shifted outflow lobes (Fig-
ures C.1 and C.2). Table 3 shows the outflow forces calculated
for the blue- and red-shifted outflow lobes for the CO J=3-2 and
the CO J=4-3 transitions. As mentioned in Sect. 4.1, the south-
ern emission blob seen toward HOPS 394 (as seen in Figs. C.1
and C.2) likely corresponds to other sources. For the calculation
of the value in Table 3, we assumed that all the detected outflow
emission corresponds to HOPS 394, therefore that value is an
upper limit of the outflow force of the red-shifted outflow lobe
of HOPS 394. When assuming that only the northern emission
blob corresponds to HOPS 394, the outflow force for both CO
transitions is ∼1.7×10−4 M⊙ km s−1 yr−1, using an RCO value of
1.7×104 AU.

4.3. Dynamical age, mass-loss rate, and kinetic luminosity

Based on the parameters derived above, the dynamical age of the
outflow can be calculated as

tdyn =
RCO

Vmax

, (5)

which assumes the velocity to be constant over the extent of the
outflow. The outflow mass-loss rate is then determined by

Ṁoutflow =
Moutflow

tdyn

. (6)

Finally the kinetic luminosity is calculated using

Lkin =
1

2
FCOVmax. (7)
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Fig. 1: CO J=3-2 and CO J=4-3 line profiles averaged over the maps. The source mentioned for each figure is the center of the
maps. The outflow emission detected toward HOPS 341 likely corresponds to the Class 0 protostar HOPS 340. The line wings
detected toward HOPS 372 and HOPS 399 are from the same outflow, attributed to HOPS 399. The outflow toward the HOPS 397
map is dominated by the Class I protostar HOPS 223.

Table 3 includes the kinetic luminosities, and Table 4 the dy-
namical ages and mass-loss rates of the sources with outflow de-
tections. For HOPS 394, when assuming that only the northern
blob seen in Figures C.1 and C.2 corresponds to its red-shifted
outflow emission, its dynamical age is ∼5×103 year, its outflow

mass-loss rate is ∼3.7×10−6 M⊙ yr−1, and its kinetic luminosity
is ∼0.2 L⊙. As the outflow forces, mass-loss rates, and kinetic lu-
minosities are calculated using the same RCO values derived for
each source, the fact that some of the outflows may be more ex-
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Fig. 1 (continued.)

tended than the maps does not affect the derived values of FCO,
Ṁoutflow, and Lkin.

4.4. Sources with no outflow detection

The CO observations showed high-velocity wings toward nine
of the 16 observed maps. For the rest of the maps (centered on
seven PBRs), no outflow wings could be identified. For these
sources we derive upper limits of their outflow masses and
forces. For this estimate, we assume the outflow to be detected
toward 25% of pixels across the map, similar to the sources with
outflow detections. We also assume the outflow wings to be de-
tected over a range of velocities equal to the average value of
the velocity ranges over which the sources with clear outflow
detections show outflow wings: ∼12 km s−1 for both the blue-
and red-shifted outflow wings. Then we derive the integrated
intensity corresponding to the outflows based on the 1-σ rms

noise level (RMS) measured around the CO J=3-2 and CO J=4-
3 lines as RMS ∆VNchanNpix, where ∆V is the channel width,
Nchan is the number of channels that cover the adopted velocity
range, and Npix is the number of pixels toward which the outflow
is expected to be detected. The rms values used are the average
rms levels measured toward the sources. In each case, we as-
sumed both a red- and a blue-shifted outflow wing. Based on the
integrated intensity upper limits, we derived the corresponding
outflow masses and forces using the methods described above in
Sect. 4.1 and Sect. 4.2. The results are shown in Table 5.

5. Infall signatures

We used the HCO+, H13CO+, and NH3 spectra to search for in-
fall signatures toward the PBRs. The typical kinematic signa-
ture of infall is red-shifted self-absorption in an optically thick
line (e.g., Evans 2003). This can lead to a double-peaked, self-
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Table 2: Outflow masses, the largest spatial extent of the outflow lobes (R), and the velocity intervals for which the physical
parameters of the blue- and red-shifted outflow lobes for the CO J=3-2 and J=4-3 transitions were calculated. The uncertainties of
the outflow masses are about 40%, consisting of 20% calibration error and 20% error resulting from the uncertainty in the assumed
excitation temperature. The system temperature (Tsys) is given to compare the sensitivity of observations. The outflow detected
toward the Class 0 protostar HOPS 340 might have a contamination from the PBR HOPS 341, and the outflow detected toward the
Class I protostar HOPS 223 might have a contamination from the PBR HOPS 397. We do not show the parameters of the outflow
detected toward HOPS 372, as it is attributed to HOPS 399.

Source Line Tsys Mblue Mred Rblue Rred Vblue Vred

(K) (M⊙) (M⊙) (AU) (AU) (km s−1) (km s−1)

HOPS 340 CO J=3-2 229 0.11 0.05 2.9×104 2.9×104 (-5, 6.1) (13.6, 25)

CO J=4-3 758 0.07 0.03 2.9×104 2.9×104 (-5, 6.4) (13.1, 25)

HOPS 354 CO J=3-2 280 0.02 0.06 2.9×104 2.2×104 (-15, -2.8) (2.5, 15)

CO J=4-3 1001 0.02 0.02 2.9×104 2.2×104 (-15, -2.0) (2.7, 15)

HOPS 358 CO J=3-2 226 0.07 0.05 3.3×104 3.8×104 (-5, 6.7) (13.6, 25)

CO J=4-3 701 0.04 0.05 3.3×104 3.8×104 (-5, 6.8) (12.7, 25)

HOPS 373 CO J=3-2 318 0.06 0.09 3.2×104 3.3×104 (-5, 8.0) (12.7, 25)

CO J=4-3 1671 0.03 0.04 3.2×104 3.3×104 (-5, 7.7) (13.3, 25)

HOPS 394 CO J=3-2 219 – 0.05 – 2.9×104 – (14.6, 25)

CO J=4-3 618 – 0.04 – 2.9×104 – (14.3, 25)

HOPS 223 CO J=3-2 234 0.07 0.02 3.3×104 3.3×104 (-10, 0.8) (7.0, 20)

CO J=4-3 716 0.03 0.01 3.3×104 3.3×104 (-10, 1.0) (6.5, 20)

HOPS 399 CO J=3-2 331 0.06 0.05 3.6×104 3.3×104 (-5, 6.8) (13, 25)

CO J=4-3 1785 0.03 0.03 3.6×104 3.3×104 (-5, 7.0) (12.8, 25)

HOPS 401 CO J=3-2 225 0.03 – 3.3×104 – (-5, 6.1) –

CO J=4-3 676 0.02 – 3.3×104 – (-5, 6.8) –

Table 3: Outflow forces and kinetic luminosities of the outflows.

FCO (M⊙ km s−1 yr−1) Lkin (L⊙)
Source Blue J=3-2 Red J=3-2 Blue J=4-3 Red J=4-3 Blue J=3-2 Red J=3-2 Blue J=4-3 Red J=4-3

HOPS 340 8.22×10−4 3.42×10−4 4.99×10−4 1.93×10−4 1.02 0.42 0.62 0.24

HOPS 354 2.18×10−4 9.08×10−4 1.86×10−4 3.37×10−4 0.18 0.65 0.15 0.24

HOPS 358 4.68×10−4 2.66×10−4 2.53×10−4 2.44×10−4 0.58 0.33 0.31 0.30

HOPS 373 3.86×10−4 5.76×10−4 1.72×10−4 2.27×10−4 0.45 0.76 0.20 0.30

HOPS 394 – 2.26×10−4 – 1.85×10−4 – 0.28 – 0.23

HOPS 223 4.47×10−4 1.52×10−4 2.00×10−4 7.24×10−5 0.48 0.21 0.21 0.10

HOPS 399 3.34×10−4 3.34×10−4 1.90×10−4 1.71×10−4 0.41 0.41 0.23 0.21

HOPS 401 1.57×10−4 – 1.14×10−4 – 0.19 – 0.14 –

Table 4: Dynamical timescales and mass-loss rates of the outflows.

tdyn (103 yr) Ṁ (10−6 M⊙ yr−1)
Source Blue J=3-2 Red J=3-2 Blue J=4-3 Red J=4-3 Blue J=3-2 Red J=3-2 Blue J=4-3 Red J=4-3

HOPS 340 9.2 9.2 9.2 9.2 12.0 5.5 7.6 3.3
HOPS 354 9.2 7.0 9.2 7.0 2.2 8.6 2.2 2.9
HOPS 358 10.4 12.0 10.4 12.0 6.7 4.2 3.8 4.2
HOPS 373 10.1 10.4 10.1 10.4 5.9 8.6 3.0 3.8
HOPS 394 – 9.2 – 9.2 – 5.5 – 4.4
HOPS 223 10.4 10.4 10.4 10.4 6.7 1.9 2.9 1.0
HOPS 399 11.4 10.4 11.4 10.4 5.3 4.8 2.6 2.9
HOPS 401 10.4 – 10.4 – 2.9 – 1.9 –

absorbed line with a stronger blue-shifted than red-shifted peak,
or an asymmetric line which peaks at a blue-shifted velocity
(Myers et al. 1996). An optically thin tracer is used to estab-
lish the systemic velocity of the source. We used HCO+ J=3-2
as an optically thick tracer, and H13CO+ J=3-2 or NH3 (1,1) as
optically thin tracers to probe the infall asymmetry. The HCO+,
H13CO+, and NH3 line profiles observed toward 12 PBRs are
shown in Figure A.1. As the noise levels for the NH3 (1,1) lines

are lower than those for the H13CO+ lines, we used the NH3 (1,1)
lines as an optically thin tracer whenever the NH3 (1,1) spectra
were observed (for 8 sources). For the rest of the sources we
used the H13CO+ line. To avoid the effect of opacity on the re-
sults, we used one of the satellite lines of NH3 (1,1): the F1=0-1,
F=1/2-3/2 transition at a frequency of 23696.0406 MHz. To esti-
mate the opacity of NH3 (1,1), we fit its hyperfine structure using
Gildas/CLASS. The results are shown in Table 6. The opacities
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Table 5: 1-σ upper limits on the outflow masses and forces of sources with no outflow detections. The system temperature (Tsys) is
given to compare the sensitivity of observations.

Tsys (K) M (M⊙) F (10−4 M⊙ km s−1 yr−1)
Source CO J=3-2 CO J=4-3 CO J=3-2 CO J=4-3 CO J=3-2 CO J=4-3

HOPS 359 221 620 0.03 0.04 1.81 2.48
HOPS 398 275 1179 0.03 0.07 1.93 4.15
HOPS 400 243 831 0.05 0.08 1.87 3.29
HOPS 403 267 1061 0.04 0.06 1.73 2.45
HOPS 404 271 - 0.03 - 1.73 -
HOPS 405 224 650 0.02 0.03 2.49 3.47
HOPS 407 228 704 0.03 0.04 2.86 4.30

Fig. 2: Outflow forces (for the combined blue and red outflow
lobes) (M⊙ km s−1 yr−1) versus Lbol (L⊙) calculated using the
CO J=3-2 transition for the protostars analyzed in this paper.
The upper limit toward the Class 0 protostar HOPS 340 is due to
possible contamination from the PBR HOPS 341, and the upper
limit toward the Class I source HOPS 223 is due to possible con-
tamination from the PBR HOPS 397. The detection of the HOPS
401 outflow is tentative.

derived correspond to the main group of the hyperfine compo-
nents. The opacity of the component used in this paper for the
infall analyzis is about 1/5 of that of the main line (Ho & Townes
1983).

We used the approach of Mardones et al. (1997) to probe the
infall asymmetries using the nondimensional parameter defined
as

δV = (Vthick − Vthin)/∆Vthin, (8)

where Vthick is defined as the velocity of the strongest peak of
the optically thick line (HCO+), and Vthin and ∆Vthin are defined
as the velocity and full width at half maximum (FWHM) of the
optically thin line (H13CO+ or NH3). To measure the Vthin and
∆Vthin parameters, we fit Gaussians to the H13CO+ and NH3 (1,1)
F1=0-1, F=1/2-3/2 line profiles. The parameters of the fits are
summarized in Table 6. For Vthick we took the velocity corre-
sponding to the peak intensity of the HCO+ line profile for each
source. For HOPS 372 and HOPS 398 there are two velocity
components in the optically thin tracer. For the calculation of the
infall parameters we consider the brighter velocity component
in both cases. The derived infall asymmetries (i.e., δV defined
in Eqn. 8) are shown in Fig. 3. Based on this simple analysis
nine of the twelve PBRs observed in HCO+ and H13CO+ or NH3

show infall asymmetry. The three PBRs that do not show an in-

fall asymmetry have a detected outflow (HOPS 341 and 354) or
a potential outflow (HOPS 401). However, considering the error
of the infall parameter of HOPS 401, an infall asymmetry cannot
be ruled out. The larger error is due to the lower S/N data for this
source.

The infall signatures toward some of the sources may cor-
respond to more than one protostar, in case of nearby sources
like HOPS 341 and 340, which are located ∼6′′ from each other.
HOPS 358 has a nearby source HOPS 316, which is 13′′ away.
HOPS 316 is a weak sub-mm source (Furlan et al. 2016), which
was not detected in the VLA/ALMA Nascent Disk and Multi-
plicity (VANDAM) Survey (Tobin et al. 2020). Therefore, even
if it is less than a beam size away, it is unlikely to contaminate
the line profiles toward HOPS 358. HOPS 399 and HOPS 372
are located ∼25′′ from each other, which is about the beam size
of the observations, therefore, contamination of the two sources
in the analyzis of infall is not significant. However, given that the
H13CO+ line profile toward HOPS 372 shows two peaks, confu-
sion of the emission corresponding to HOPS 372 and HOPS 399
cannot be ruled out at the angular resolution of the observations.
HOPS 372 has a lower luminosity than HOPS 399, and is a less
deeply embedded source with weaker HCO+ lines. Therefore,
the infall detection toward HOPS 372 may be due to confusion
with HOPS 399. There is another source which shows two peaks
in the optically thin tracer used for the infall analysis: HOPS 398.
However, since it is an isolated source, with the nearest source
located 2 arcmin south (Stutz et al. 2013), there is no contamina-
tion of the emission from another protostar. The case of HOPS
401 and 402 is similar to HOPS 399 and HOPS 372: even if they
are nearby sources, they are separated by ∼35′′ and the line pa-
rameters of HOPS 401 are not affected by HOPS 402. HOPS 407
is about 21.4′′ from HOPS 331, which is a flat spectrum source
with a low-mass envelope (Furlan et al. 2016), and therefore the
infall parameter derived for HOPS 407 is unlikely to be strongly
contaminated by HOPS 331. HOPS 400 is binary (<2′′ separa-
tion, Karnath et al. 2020), which is effectively isolated on larger
scales. The infall signature toward this source therefore suggests
infall onto the binary. HOPS 403 may also be a binary on a small
scale (<2′′ separation, Karnath et al. 2020), but isolated on large
scales, therefore, infall toward this source may also be infall onto
a binary.

Although rotation and outflow may produce asymmetric pro-
files with either positive or negative values of δV for randomly
oriented protostars, Mardones et al. (1997) argue that the prepon-
derance of negative (i.e., blue-shifted) values of δV are indica-
tive of infall. They find an excess of blue-shifted values of δV
(with δV < −0.25) in a single dish survey of Class 0 protostars,
with 50% of the sources showing blue-shifted velocities. A sim-
ilar excess of blue-shifted velocity was not found toward Class
I protostars; although these protostars almost certainly also have
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Table 6: Parameters of the NH3 (1,1) and H13CO+ J=3-2 lines used in this paper. The integrated intensity, LSR velocity, FWHM
line width, and peak intensity were obtained from the Gaussian fitting of the F1 = 0 − 1, F = 1/2 − 3/2 transition of NH3 (1,1) at
23696.0406 MHz. The opacity of the main group is obtained from fitting the hyperfine structure of NH3 (1,1).

Source Line Intensity Vthin ∆Vthin TMB τmain Vthick δV

(K km s−1) (km s−1) (km s−1) (K) (km s−1)
HOPS 341 NH3 (1,1) 0.61±0.02 9.83±0.01 0.53±0.02 1.07±0.03 1.47±0.07 10.03±0.04 0.38±0.05
HOPS 358 NH3 (1,1) 0.99±0.02 10.39±0.01 1.20±0.03 0.78±0.03 1.05±0.01 9.60±0.04 -0.66±0.04
HOPS 398 NH3 (1,1) 0.26±0.03 10.46±0.02 0.60±0.06 0.41±0.03 0.86±0.15 10.05±0.04 -0.68±0.14
HOPS 399 NH3 (1,1) 1.09±0.02 9.39±0.01 0.66±0.01 1.56±0.02 1.86±0.07 8.59±0.04 -1.21±0.02
HOPS 400 NH3 (1,1) 1.07±0.02 8.51±0.01 0.56±0.01 1.79±0.03 2.77±0.02 8.33±0.04 -0.32±0.03
HOPS 403 NH3 (1,1) 0.74±0.03 10.46±0.03 1.59±0.01 0.43±0.04 0.44±0.06 9.69±0.04 -0.48±0.01
HOPS 404 NH3 (1,1) 0.67±0.02 9.63±0.01 0.43±0.01 1.48±0.04 2.41±0.09 9.30±0.04 -0.77±0.03
HOPS 407 NH3 (1,1) 0.91±0.02 9.61±0.01 0.45±0.01 1.91±0.04 4.32±0.09 9.27±0.04 -0.76±0.03

HOPS 354 H13CO+ 1.49±0.09 1.02±0.05 1.56±0.11 0.90±0.11 – 1.74±0.04 0.46±0.11

HOPS 359 H13CO+ 1.54±0.08 9.30±0.03 0.99±0.06 1.46±0.13 – 8.67±0.04 -0.64±0.09

HOPS 372 H13CO+ 0.76±0.09 9.18±0.05 0.99±0.15 0.73±0.13 – 8.84±0.04 -0.34±0.21

HOPS 401 H13CO+ 0.53±0.08 10.19±0.08 0.99±0.19 0.51±0.11 – 10.30±0.04 0.11±0.27

infall. Mardones et al. (1997) suggest that the difference is due to
different physical conditions in the envelopes surrounding Class
0 and I protostars. The PBRs also show an excess of blue-shifted
velocities, similar to the Class 0 protostars shown by Mardones
et al. (1997). This is the first direct observational evidence for
infall motions toward PBRs. This is also further evidence that
the PBRs are Class 0 protostars.

Fig. 3: Infall signatures based on the HCO+, H13CO+, and NH3

data shown in Figure A.1. The infall asymmetry is defined as the
velocity of the optically thick line (HCO+) minus the velocity of
the optically thin line (H13CO+ or NH3) divided by the FWHM
line width of the optically thin line as defined by Mardones et al.
(1997).

6. Discussion

We observed CO J=3-2 and J=4-3 maps toward 16 very young
Class 0 protostars, classified as PBRs. Of the 16 protostars, only
four do not show even tentative evidence of high velocity out-
flow emission in the APEX, CARMA or recent ALMA imag-
ing: HOPS 359, 398, 402, HOPS 404 (Table 1). We estimated
the masses and forces of the outflows adopting the LTE approx-
imation. The total outflow masses (including the contribution
from both the red- and blue-shifted outflow lobes) for the sources

with clear outflow detection are in the range between 0.03 and
0.16 M⊙ for CO J=3-2, and in the range between 0.02 and 0.10
M⊙ for CO J=4-3, assuming an excitation temperature of 75 K.
The outflow forces are in the range between 1.57 × 10−4 and
1.16 × 10−3 M⊙ km s−1 yr−1 for CO J=3-2 and in the range be-
tween 1.14×10−4 and 6.92×10−4 M⊙ km s−1 yr−1 for CO J=4-3.
Most sources of our sample show an infall asymmetry based on
the observed HCO+, H13CO+, and NH3 lines.

Some of the PBRs show no outflow emission in the CO J=3-
2 and J=4-3 APEX maps but have outflow detections in CO
J=1-0 at higher angular resolution (3-6′′) with CARMA (Tobin
et al. 2016). These sources are HOPS 400, 403, 405, and 407.
Karnath et al. (2020) detected compact outflows at even higher
angular resolution (0.25′′ × 0.24′′) in CO J=3-2 with ALMA
toward HOPS 400, 403, 404, and possibly toward HOPS 401.
HOPS 404 has a very compact and low velocity outflow that
may be driven by a FHSC. These sources stress the importance
of high angular resolution when separating contributions of out-
flows related to different sources and when detecting compact
outflows such as those observed with ALMA and CARMA to-
ward HOPS 400, 403, and 404. It is not established that the high
velocity emission detected near HOPS 401 and 402 in our APEX
data is related to outflows from these sources, as a clear bipolar
morphology is not apparent (Fig. C.1 and Fig. C.2). HOPS 401
and 402 were were not detected in the CO J=1-0 CARMA maps
(Tobin et al. 2016). There is a hint of an outflow detected with
ALMA toward HOPS 401 (Karnath et al. 2020), therefore, the
high velocity emission detected with APEX may at least partially
be related to HOPS 401. As these sources were not detected at
24 µm and show high opacities at 870 µm, they might represent
very early stages of protostellar evolution (Karnath et al. 2020).

Three sources are clearly detected in both the high-resolution
CARMA CO J=1-0 data and in the APEX CO J=3-2 and J=4-3
maps: HOPS 373, HOPS 394, and HOPS 399. Due to the very
different angular resolutions, the outflow parameters are not di-
rectly comparable, however, the APEX CO J=3-2 and CARMA
data of HOPS 399 show very similar forces, (6 − 7) × 10−4 M⊙
km s−1 yr−1; this is the highest force measured in the Tobin et
al. (2016) sample. Two of these sources (HOPS 373 and HOPS
399) show a clear jet morphology even at the angular resolution
of the APEX data. The more evolved protostar HOPS 223 is also
detected by both APEX and CARMA with a jet morphology.

The outflow forces derived for the PBRs with detected out-
flows are in the same range as those measured for other Class 0
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Fig. 4: Outflow forces (for the combined blue and red outflow
lobes) (M⊙ km s−1 yr−1) versus Lbol (L⊙) (top panel) and Tbol (K)
(bottom panel) calculated using the CO J=3-2 transition and as-
suming an excitation temperature of 75 K for the PBRs analyzed
in this paper (red squares). The Class 0 source HOPS 340 and
Class I source HOPS 223 are not shown. The outflow forces cal-
culated using the same transition and excitation temperature by
Yildiz et al. (2015) for a sample of Class 0 protostars (blue cir-
cles) and Class I protostars (cyan circles). The green triangles are
the 1-σ upper limits for the PBRs with no detected outflow emis-
sion. The diamonds represent the median values of each sample:
Class 0 protostars from Yildiz et al. (2015) (blue), Class I proto-
stars from Yildiz et al. (2015) (cyan), and the protostars studied
in this paper (red).

protostars (Fig. 4). HOPS 400 and HOPS 403, which are upper
limits in this diagram, show similar forces in ALMA CO J=3-2
imaging (Karnath et al. 2020). The forces for the Class 0 sources
from the sample of Yildiz et al. (2015) plotted in Fig. 4 were also
derived from CO J=3-2 APEX data in an LTE approximation,
assuming an excitation temperature of 75 K, and therefore, are
directly comparable to our PBRs results. The small fraction of
protostars that are PBRs indicates that they have ages ≤ 25,000
year, 1/6 of the Class 0 phase (Stutz et al. 2013). The result that
the outflow forces measured for the PBRs are similar to those
derived for more evolved Class 0 protostars suggests that out-
flows develop quickly during the Class 0 phase. ALMA imag-
ing of the PBRs HOPS 402 and HOPS 404 shows no outflow
or, in the case of HOPS 404, an unusually low-velocity outflow.
These may show protostars before a high-velocity outflow is es-
tablished (Karnath et al. 2020).

Furthermore, the correlation between the outflow force and
the bolometric luminosity suggested by previous studies (i.e.,

Bontemps et al. 1996, Curtis et al. 2010, van der Marel et al.
2013) is not seen for the sources with outflow detections. This
may be due to the small number of sources which cover a lim-
ited range of bolometric luminosities, with 5 of the 8 sources in
the range between an Lbol of ∼1.7 L⊙ and ∼10 L⊙. Also, as seen
in Figures C.1 and C.2, some of the outflows detected toward the
PBRs may be confused with outflow emission from other nearby
protostars. Separating the contribution of CO emission related to
the different sources is not possible at the angular resolution of
APEX (and other single dish telescopes). Another difficulty may
be that the CO J=3-2 transition was suggested to be subther-
mally excited in outflows (Ginsburg et al. 2011, Dunham et al.
2014a), and therefore underestimates the outflow masses.

The large scatter in outflow properties and the lack of a sig-
nificant dependence with Tbol or other SED properties has also
been found for more evolved prorototars. Habel et al. (in prep.)
found that outflow properties do not vary in a predictable way
with SED class. They measured the outflow opening angles of
protostars from 1.6 µm images obtained with the Hubble Space
Telescope. They found no evidence of a correlation between the
outflow opening angles and evolutionary tracers derived from
SED fitting, particularly across the Class I phase (Furlan et al.
2016).

7. Summary

We presented CO J=3-2 and J=4-3 maps for 16 very young
Class 0 protostars observed with APEX at angular resolutions
of 14-19′′. Outflows were detected toward six of the 16 PBRs,
and toward an additional Class 0 and a Class I protostar. Only
four protostars do not show evidence of high velocity outflows in
recent APEX, CARMA, and ALMA imaging. We derived physi-
cal properties for the outflows of these sources including masses,
forces, and upper limits for the masses and forces of the PBRs
without outflow detections. We found that the outflow forces are
in the same range as those derived for Class 0 protostars. This re-
sult suggests that outflows develop quickly in the Class 0 phase.
There is no evidence for a correlation between the outflow force
and bolometric luminosity for the protostars with outflow detec-
tions.

Using HCO+, H13CO+, and NH3 (1,1) data measured toward
12 of the PBRs, we found infall asymmetry toward nine of them.
An excess of sources with infall asymmetry was also found ear-
lier for Class 0 protostars, which is further evidence that the
PBRs are primarily Class 0 protostars.
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Appendix A: Line profiles observed toward the PBRs

Fig. A.1: HCO+ (3-2), H13CO+ (3-2), and NH3 (1,1) line profiles observed toward the PBRs to search for infall signatures. The
Gaussian fits are also shown in case of the H13CO+ (3-2) and NH3 (1,1) lines.
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Appendix B: Intensity maps

Fig. B.1: Intensity maps centered on HOPS 341, HOPS 354, HOPS 358, and HOPS 359 integrated over the velocity ranges shown
in the upper-left corner of each subfigure. Contour levels: between 5 and 70 K km s−1 at intervals of 10 K km s−1 for HOPS 341
CO J=3-2 and CO J=4-3, between 2 and 45 K km s−1 at intervals of 5 K km s−1 for HOPS 354 CO J=3-2, between 2 and 45 K km
s−1 at intervals of 7 K km s−1 for HOPS 354 CO J=4-3, between 2 and 70 K km s−1 at intervals of 10 K km s−1 for HOPS 358 CO
J=3-2, between 3 and 70 K km s−1 at intervals of 10 K km s−1 for HOPS 358 CO J=4-3, between 2 and 40 K km s−1 at intervals of
5 K km s−1 for HOPS 359 CO J=3-2 and J=4-3.
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Fig. B.2: Intensity maps centered on HOPS 372, HOPS 373, HOPS 394, and HOPS 397 integrated over the velocity ranges shown
in the upper-left corner of each subfigure. Contour levels: between 5 and 75 K km s−1 at intervals of 10 K km s−1 for both CO J=3-2
and J=4-3 for HOPS 372 and HOPS 373, between 10 and 130 at intervals of 15 K km s−1 for HOPS 394 CO J=3-2 and J=4-3,
between 5 and 60 K km s−1 at intervals of 10 K km s−1 for HOPS 397 CO J=3-2, between 3 and 60 K km s−1 at intervals of 10 K
km s−1 for HOPS 397 CO J=4-3.
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Fig. B.3: Intensity maps centered on HOPS 398, HOPS 399, HOPS 400, and HOPS 401 integrated over the velocity ranges shown
in the upper-left corner of each subfigure. Contour levels: between 3 and 50 K km s−1 at intervals of 5 K km s−1 for HOPS 398 CO
J=3-2 and J=4-3, between 5 and 70 K km s−1 at intervals of 10 K km s−1 for HOPS 399 CO J=3-2, between 4 and 70 K km s−1 at
intervals of 10 K km s−1 for HOPS 399 CO J=4-3, between 1 and 13 K km s−1 at intervals of 2 K km s−1 for HOPS 400 CO J=3-2,
between 2 and 13 K km s−1 at intervals of 2.5 K km s−1 for HOPS 400 CO J=4-3, between 5 and 75 K km s−1 at intervals of 10 K
km s−1 for HOPS 401 CO J=3-2 and J=4-3.

Article number, page 15 of 18



A&A proofs: manuscript no. PBRS_aa_lang_ed

Fig. B.4: Intensity maps centered on HOPS 403, HOPS 405, HOPS 407, and HOPS 404 integrated over the velocity ranges shown
in the upper-left corner of each subfigure. Contour levels: between 5 and 35 K km s−1 at intervals of 5 K km s−1 for HOPS 403
J=3-2 and J=4-3, between 0.5 and 20 K km s−1 at intervals of 1.5 K km s−1 for HOPS 405 CO J=3-2, between 1 and 20 K km s−1

at intervals of 1.5 K km s−1 for HOPS 405 J=4-3, between 2 and 30 K km s−1 at intervals of 4 K km s−1 for HOPS 407 CO J=3-2,
between 2 and 30 K km s−1 at intervals of 5 K km s−1 for HOPS 407 CO J=4-3, between 0.5 and 12 K km s−1 at intervals of 1.5 K
km s−1 for HOPS 404 CO J=3-2.
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Appendix C: Outflow maps

Fig. C.1: CO J=3-2 integrated intensities of the blue- and red-shifted outflows (blue and red contours) for the sources with clear
outflow detections. The integration limits are listed in Table 2. The contours are 30%, 50%, 70%, and 90% of the maximum values
of the intensities corresponding to the red- and blue-shifted outflow lobes in TMB units toward the different maps, which are: 23.8
K km/s (red) and 68.0 K km/s (blue) toward HOPS 341, 30.5 K km/s (red) and 12.4 K km/s (blue) toward HOPS 354, 27.0 K km/s
(red) and 58.4 K km/s (blue) toward HOPS 358, 68.9 K km/s (red) and 54.9 K km/s (blue) for HOPS 373, 36.9 K km/s (red) for
HOPS 394, 13.2 K km/s (red) and 41.4 K km/s (blue) for HOPS 397, 40.0 K km/s (red) and 44.8 K km/s (blue) for HOPS 399, and
38.4 K km/s (red) and 12.8 K km/s (blue) for HOPS 401.
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Fig. C.2: CO J=4-3 integrated intensities of the blue- and red-shifted outflows (blue and red contours) for the sources with clear
outflow detections. The integration limits are listed in Table 2. The contours are 30%, 50%, 70%, and 90% of the maximum values
of the intensities corresponding to the red- and blue-shifted outflow lobes in TMB units toward the different maps, which are: 19.8
K km/s (red) and 63.6 K km/s (blue) toward HOPS 341, 31.2 K km/s (red) and 21.5 K km/s (blue) toward HOPS 354, 48.8 K km/s
(red) and 46.7 K km/s (blue) toward HOPS 358, 42.4 K km/s (red) and 39.8 K km/s (blue) for HOPS 373, 56.0 K km/s (red) for
HOPS 394, 14.3 K km/s (red) and 32.5 K km/s (blue) for HOPS 397, 29.5 K km/s (red) and 34.1 K km/s (blue) for HOPS 399, and
34.7 K km/s (red) and 13.8 K km/s (blue) for HOPS 401.
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