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Abstract

We present Atacama Large Millimeter/submillimeter Array observations of the ~10,000 au environment
surrounding 21 protostars in the Orion A molecular cloud tracing outflows. Our sample is composed of Class O to
flat-spectrum protostars, spanning the full ~1 Myr lifetime. We derive the angular distribution of outflow
momentum and energy profiles and obtain the first two-dimensional instantaneous mass, momentum, and energy
ejection rate maps using our new approach: the pixel flux-tracing technique. Our results indicate
that by the end of the protostellar phase, outflows will remove ~2-4 M. from the surrounding
~1 M, low-mass core. These high values indicate that outflows remove a significant amount of gas from their
parent cores and continuous core accretion from larger scales is needed to replenish core material for star
formation. This poses serious challenges to the concept of cores as well-defined mass reservoirs, and hence to the
simplified core-to-star conversion prescriptions. Furthermore, we show that cavity opening angles, and momentum
and energy distributions all increase with protostar evolutionary stage. This is clear evidence that even garden-
variety protostellar outflows: (a) effectively inject energy and momentum into their environments on 10,000 au
scales, and (b) significantly disrupt their natal cores, ejecting a large fraction of the mass that would have otherwise
fed the nascent star. Our results support the conclusion that protostellar outflows have a direct impact on how stars
get their mass, and that the natal sites of individual low-mass star formation are far more dynamic than commonly
accepted theoretical paradigms.

Unified Astronomy Thesaurus concepts: Star formation (1569); Protostars (1302); Stellar feedback (1602); Giant
molecular clouds (653); Stellar-interstellar interactions (1576); Stellar winds (1636); Stellar jets (1607); Star
forming regions (1565); Observational astronomy (1145); Radio interferometry (1346); Circumstellar envelopes
(237); Circumstellar matter (241)

1. Introduction mass function (IMF; Alves et al. 2007; Arce et al. 2007,
Guszejnov et al. 2021; Pascucci et al. 2022).

Comparing the core mass function (CMF) with the IMF
suggests that the mass of stars strongly depends on the mass of
their parent cores with a core-to-star efficiency of about 30%

Protostellar outflows are one of the most important
ingredients of star formation for a variety of reasons. In
particular, outflows are believed to be one of the main

mechanisms that help disperse the protostellar core and ) . )
terminate the infall phase, and assist in the removal of disk (e.g., Motte et al. 1998, 2001; Testi & Sargent 1998; ?tanke
angular momentum, which drives accretion (Machida & et al. 2006; Alves et al. 2007; Enoch et al. 2008; André et al.

Hosokawa 2013: Frank et al. 2014: Offner & Arce 2014: 2010.; Konyves et al. 2015; Motte et 'al. 2022,.and references
therein). If gas dispersal by outflows is the main cause of this
relatively low efficiency, then this would imply that outflows
are capable of dispersing about 70% of the cores’ mass. Some
observations have shown outflows have enough energy and
momentum to disperse the material in the surrounding parent

Original content from this work may be used under the terms core within 1 Myr (Dunham et al. 2014; Zhang et al. 2016). In

of the Creative Commons Attribution 4.0 licence. Any further . X
distribution of this work must maintain attribution to the author(s) and the title addition, a number of studies have found that the outflow

of the work, journal citation and DOIL. opening angle broadens with time (Arce & Sargent 2006;

Bally 2016). Through these processes, outflows impact the
mass-assembly process, the final masses of stars, and the initial
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Velusamy et al. 2014; Hsieh et al. 2017), thereby facilitating
the gas clearing process in the surrounding envelope.

On the other hand, other studies have shown that outflow
mass-loss rates are too low to be the main agent of core
dispersal (Hatchell et al. 2007; Curtis et al. 2010). A recent
study of outflow cavities using Hubble Space Telescope (HST)
near-IR (NIR) images of the scattered light around protostars in
Orion found no evidence for the widening of outflow cavities
as protostars evolve (Habel et al. 2021). Their results indicate
that gas dispersal by outflows cannot be the main process that
produces the low star formation efficiency of 30%. However,
there are no other known mechanisms that can explain the low
star formation efficiency in cores.

Resolving this problem, requires characterizing outflows
based on their structure and morphology (e.g., opening angle),
as well as other physical properties (e.g., mass, momentum, and
energy loss rate) and linking them to their evolutionary status.
Although outflows have been studied since the early 1980s
(Snell et al. 1980; Solomon et al. 1981), they remain
complicated systems for which accurate measurements of their
physical properties and their evolutionary stage are hard to
ascertain without high angular resolution, high dynamic range
observations of sizeable samples of sources.

In this paper, to address the problems above, we use a
method to obtain accurate outflow properties. This involves a
new method that we call the pixel flux-tracing (PFT) technique
as well as a modified version of an annulus method developed
by Bontemps et al. (1996). We also use our sensitive
observations to derive outflow momentum and energy opening
angles. With this information, we establish a powerful new
technique for observing outflow—core interaction that comple-
ments traditional opening angles in determining how much core
material is impacted by the outflow.

To study the protostellar outflow—core interactions, we use
the Atacama Large Millimeter/submillimeter Array (ALMA)
to survey protostars at different evolutionary stages in the
Orion A molecular cloud. The Orion A giant molecular cloud
(GMQ) is the closest star-forming region that harbors both high
and low-mass star formation. This GMC is at a distance of
about 400 pc and has a gas mass of about 10° M., (Bally 2008).
The cloud and the young stellar sources in it have been studied
extensively with large, multiwavelength, surveys covering
multiple scales, (e.g., Megeath et al. 2012, 2016; Stutz et al.
2013; Furlan et al. 2016; Kong et al. 2018; Fischer et al. 2020;
Tobin et al. 2020; Stanke et al. 2022). The availability of these
rich data sets makes Orion A a perfect target to study outflow
evolution and its impact on protostellar cores.

In Section 2, we describe the sample selection for this study.
In Section 3, we describe the observational data, the
calibration, and the imaging process. In Section 4, we describe
the methods we use to obtain outflow properties and show the
results of our observations. In Section 5, we analyze and
discuss the evolution of the outflow properties (opening angle,
mass, momentum, and energy ejection rate) and the impact on
cores. In Section 6, we summarize the main findings and give
our conclusions.

2. Sample Selection

Our survey consists of 21 protostellar sources evenly
distributed in three different evolutionary stages: Class 0,
Class I, and flat spectrum. The sources were all observed by the
Herschel Orion Protostar Survey (HOPS), from which we
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obtain the derived properties of the protostars, including
evolutionary class, bolometric temperature, and luminosity
(Furlan et al. 2016). All sources are located in the northern part
of the L1641 region, a relatively low-density star-forming
region south of the Orion Nebula Cluster, that is far (at least
~8pc) from high-mass protostars and photodissociation
regions. The positions of the sources are overplotted on the
Herschel-Planck dust opacity map at 353 GHz from Lombardi
et al. (2014) in Figure 1. The blue-filled circles, red triangles,
and green squares mark the positions of Class 0, Class I, and
flat-spectrum sources.

We chose targets that were thought to have no binary or
multiple companions by the time we submitted the observing
proposal, and to be relatively isolated with no neighboring
young stellar objects (YSOs) closer than 0.12 pc (6070), in
order to avoid possible contamination from nearby outflows.
Only one source in our sample (HOPS 150) was recently
discovered to be part of a binary system with a projected binary
separation of ~3”0 (~1200au Tobin et al. 2020, 2022). All
sources have been observed in the NIR by the VISTA Orion A
Survey and at 1.6-870 um with the Hubble, Spitzer, and
Herschel space telescopes (e.g., Megeath et al. 2012; Furlan
et al. 2016; Kounkel et al. 2016). In addition, the sample spans
a limited range in Ly, (~0.4—15) and this range is comparable
in all three evolutionary classes. A summary of the source
properties is shown in Table 1.

3. Observations

The results presented here come from Cycle 6 ALMA
multiline observations of the environment around protostars in
the the Orion A cloud (Project ID: 2018.1.00744.S, PI: H. Arce).
The observations were conducted using ALMA Band 6, which
simultaneously observed the 1.29 mm dust continuum emission
and the following six molecular lines, which trace different
density and kinematic regimes: 'CO(2-1), *CO(2-1),
C"*0(2-1), H,CO(303-202), SIO(5—4), and N,D"(3-2).

In this paper, we concentrate on the ]2CO(2—1), '3CO(2—1),
and C180(2—1) lines, which have rest frequencies of
230.53800, 220.39868, and 219.56035 GHz, respectively.
After H,, 2CO is the most abundant molecule in molecular
clouds, and is typically the most easily observed since H, lacks
dipole rotational transitions. Together with the less abundant
3CO and C'®O they trace regions across a wide range of
(column) densities (5 <A, < 15) (Gratier et al. 2021). We use
these three CO isotopologues to probe the outflow properties.
The other lines we observed that trace the infalling gas,
energetic jets, and cold, and warm core regions will be
presented in forthcoming papers.

Each source in our sample was observed using a 12 m array
seven-pointing mosaic (in the C43-2 configuration), and a
three-pointing mosaic using the 7 m array. This allowed us to
cover the environment surrounding each source over a region
of about 0.1 pc or ~50”0 and ensured the maps had an
approximately uniform sensitivity within the primary beam of
the 12 m array at the observed frequencies, about 25” (~0.05
pc), centered at the source.

The 12m array observations were made between 2018
December 21 and 2019 January 15, and consisted of 15
executions, with an on-source integration of 35.4 minutes for
each of the seven-pointing mosaics used to cover each source.
J0423-0120 was used for bandpass and flux calibration and
J0542-0913 was used for phase calibration. Between 45 and 50
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Figure 1. Sources from this survey overplotted on the Orion A Herschel-Planck dust opacity map at 353 GHz (Lombardi et al. 2014). The blue-filled circles, red
triangles, and green squares mark the position of Class 0, Class I, and flat-spectrum sources, respectively.

antennas were used on different observation dates, which
included baselines ranging from about 15.1-500.2 m, which
sample scales between 1”1 and 16”2 (440 and 6480 au). The
7m array observations, which were conducted using 70
executions between 2018 October 3 and 2018 November 23,
used J0522-3627 for bandpass and flux calibration and JO501-
0159 for the phase calibration. The average 7m array
integration time for each 3-pointing mosaic around each source
in our sample was 2 hr and 20.5 minutes. These observations
used between nine and 12 antennas that included baselines
ranging from approximately 8.9-48.9m, sampling scales
between 5”5 and 29”0 (2200-11,600 au).

We also obtained total power (TP) array data for our
observations to trace the large-scale emission structure and
recover all flux from the molecular line emission toward our
sources of interest. The TP observations were conducted
between 2018 September 19 and 2019 January 8, and provided
98”0 by 96”0 on-the-fly maps centered on each source. The
on-source time for each of these maps was 6 hr and 51.6
minutes.

The pipeline in the Common Astronomy Software Applica-
tions (CASA) version 5.4.0-70 was used to calibrate the
ALMA data. Additional data flagging was performed by the
North American ALMA Science Center to remove artifacts in
the 12 m continuum data caused by insufficient sampling at the
shortest baselines.

We used the CASA task fclean to image the combined
12 and 7 m array interferometer data. We ran this task with
automasking, which automatically defines different cleaning

regions for each channel, and may vary for different
iterations. The deconvolver option was set to hogbom, which
proved to be more stable than the multiscale option, which
produced artifacts in many cases. We also set the velocity
resolution parameter to —1, which ensures the output cleaned
maps have the same velocity resolution as the original uv
data: 0.079 kms~' for '>CO (2-1), and 0.083 kms~' for
3CO and C'®0 (2-1). We set the cyclefactor parameter to 2.0
to terminate the minor cycle (deconvolving the observed
image from the telescope beam) faster and trigger the next
major cycle. The criteria for stopping a minor cycle in tclean
is set by the product of peak residual level, maximum point-
spread function sidelobe level, and the value of the
cyclefactor parameter. Using the default value for the
cyclefactor parameter (1.0) caused the minor cycle to
generate artifacts at the low sensitivity edge of our mosaics.
Such artifacts did not appear (i.e., the algorithm would be
stable) only when both the cyclefactor was set to a value
equal to or greater than 2, and automasking was turned on.
For imaging, we used natural weighting to maximize the
signal-to-noise ratio (S/N) while maintaining a similar beam
size of about 1”1 for all line maps. Primary beam correction
was applied to each map resulting in higher noise at the edge
of the mosaic maps.

We then used the CASA task Feather to combine the array
data with the TP data. The resulting synthesized beam size,
velocity resolution, and the average rms noise level of the CO,
13C0, and C'?0 maps are shown in Table 2.
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Table 1
Summary of Source Properties

Source R.A. Decl. Distance® Vsystb Tool” Class® Loot” ALMA Core JCMT Core

(J2000) (J2000) (pc) (km s~ Y (K) (Le) Mass (M<.>)d Mass (M,,)°
HOPS 10 05:35:09 —05:58:26 388.2 8.19 46.2 0 3.33 1.33 0.90
HOPS 11 05:35:13 —05:57:57 388.3 7.18 48.8 0 9.0 1.09 1.34
HOPS 13 05:35:24 —05:55:33 388.7 6.00 383.6 Flat 1.15 0.27 0.50
HOPS 127 05:39:00 —07:20:22 394.5 4.68 1333 I 0.39 0.27 0.26
HOPS 129 05:39:11 —07:10:34 393.8 3.40 191.3 Flat 1.67 0.57 0.42
HOPS 130 05:39:02 —07:12:52 393.2 3.46 156.7 I 1.48 0.18 0.26
HOPS 134 05:38:42 —07:12:43 391.2 6.05 781.9 Flat 7.717 0.32 0.19
HOPS 135 05:38:45 —07:10:56 391.1 4.65 130.3 I 1.14 0.24 0.47
HOPS 150A 05:38:07 —07:08:29 388.5 3.81 245.2 Flat 3.77 0.46 0.10
HOPS 150B" 05:38:07 —07:08:32 388.5 3.81 245.2 Flat 3.77 0.46 0.10
HOPS 157 05:37:56 —06:56:39 387.7 5.35 77.6 I 3.82 0.38 0.57
HOPS 164 05:37:00 —06:37:10 385.0 5.84 50.0 0 0.58 1.26 0.84
HOPS 166 05:36:25 —06:44:41 383.5 8.78 457.1 Flat 15.47 2.33 0.73
HOPS 169 05:36:36 —06:38:54 384.0 7.01 325 0 391 0.43 1.68
HOPS 177 05:35:50 —06:34:53 383.6 8.97 84.7 I 043 0.92 1.11
HOPS 185 05:36:36 —06:14:58 386.1 7.59 96.9 I 1.04 0.95 0.66
HOPS 191 05:36:17 —06:11:11 386.6 8.11 196.7 I 0.58 0.49 0.11
HOPS 194 05:35:52 —06:10:01 386.6 8.53 645.0 Flat 12.72 1.12 0.64
HOPS 198 05:35:22 —06:13:06 386.0 5.56 61.4 0 0.85 0.44 0.68
HOPS 200 05:35:33 —06:06:09 387.1 8.55 2444 Flat 0.29 0.69 0.10
HOPS 355 05:37:17 —06:49:49 385.8 6.61 449 0 1.18 0.18 0.77
HOPS 408 05:39:30 —07:23:59 398.8 3.73 37.9 0 0.52 0.47 0.58
Notes.

 Distances are from Tobin et al. (2020), who use Gaia data of YSOs near each protostar to estimate their distances.

® We measured the system velocity by fitting a Gaussian to our C'®0 data. For details see Section 4.1.1.

¢ Results come from integration over the spectral energy distributions (SEDs) in Furlan et al. (2016).

4 The ALMA core mass is measured from our Cycle 6 ALMA C'®0 data. The selected core size is 6500~7500 au.

¢ The JCMT core mass is from JCMT 850 pm dust continuum data. The cores are identified by Lane et al. (2016) and have a typical core size of ~6000 au.

" HOPS 150 was revealed to be a binary system, with a separation of ~120 au, by Tobin et al. (2020, 2022). SED measurements of HOPS 150 by Furlan et al. (2016)
were centered on HOPS 150A. However, the outflow cavity seen in HST IR images shown in Habel et al. (2021) is clearly centered on HOPS 150B, but contain the
combined fluxes of both sources. The molecular outflow data for HOPS 150 discussed in this paper, likely arises from HOPS 150B instead of HOPS 150A.

4. Results

The outflows of our 21 HOPS sources are shown in Figure 2,
where the red and blue colors represent the red- and blueshifted
outflow lobes, respectively, traced by the '*CO J=2—1. The
green color represents the dense cores traced by C'*0 J =2—1.
The source name and the bolometric temperature, an indicator
of protostellar age (Myers & Ladd 1993; Chen et al. 1995), are
also labeled for each source. The upper, middle, and bottom
rows show Class 0, Class I, and flat-spectrum sources
respectively. Most of the Class 0 and Class I sources show
clear bipolar outflows, and flat-spectrum sources show complex
and messy structures. HOPS 408 shows a very compact
outflow possibly indicating its young age. The outflows from
HOPS 157, HOPS 185, and HOPS 130 mostly show emission
from blueshifted velocities. For HOPS 157 the peak of the
C'®0 emission (shown in green) is coincident with the very
compact redshifted lobe. The outflow from HOPS 185 is
clearly bipolar, but we detect mostly blueshifted emission for
both lobes. This could be due to the fact that for this system, the
outflow axis is relatively close to the plane of the sky (see
Section 4.1.4). Besides the unipolar outflows, asymmetrical
features can be seen in many of the bipolar outflows in
Figure 2. The outflow in HOPS 169 shows a clear “S-shape”
indicating the source is precessing. The axis of the redshifted
outflow lobe in HOPS 11 changes at the position where it

appears to interact with the dense core traced by the C'80. The
lobes of the outflows from HOPS 355 and HOPS 164 appear to
be misaligned. In addition, the outflow from HOPS 198 shows
a clear difference in the width of its two lobes. In this section,
we will derive the outflow properties for all the sources shown
in Figure 2.

4.1. Determining Outflow Properties

Molecular outflow properties are key for assessing the
impact protostars have on their surrounding medium. One of
their most important properties is mass, as many of the other
properties depend on it. This is calculated using the '*CO line
emission, which in most cases is optically thick. Hence, it is
essential to correct the line opacity (which usually depends on
the outflow velocity) to obtain an accurate mass estimate (as
explained in Section 4.1.2) (Dunham et al. 2014; Bradshaw
et al. 2015). Another issue in estimating the total outflow mass
is that, in many cases, it is very difficult to separate the low-
velocity outflow component from the cloud emission (Arce &
Goodman 2001; Feddersen et al. 2020; Xu et al. 2022a). In
general, the mass of the low-velocity component of a molecular
outflow is significantly greater than the high-velocity outflow
mass. Without including the low-velocity outflow component,
the outflow mass can be severely underestimated by factors of
about 2—10 (Offner et al. 2011; Dunham et al. 2014).
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Table 2
Summary of ALMA Data Used in Analysis
Beam Average rms rms in
Source Line Beam Size Position in Field of View" Central Region”
(@) Angle (deg) (mJy beam™") (mJy beam ™)
2C0 2-1 1726 x 1700 82.1 9.7 6.8
HOPS 10 3Co 2-1 1730 x 1704 81.9 13.0 9.2
C'®0 2-1 1731 x 1704 83.7 10.1 7.1
12C0 2-1 1726 x 0799 79.3 4.0 7.2
HOPS 11 3Co 2-1 1730 x 1704 80.7 13.0 9.1
Cc0 2-1 1731 x 1704 82.4 10.2 7.1
12C0 2-1 1726 x 0799 79.9 12.3 7.4
HOPS 13 Bco 2-1 1730 x 1704 80.7 13.0 9.3
Cc0 2-1 1730 x 1704 82.4 10.2 7.0
12C0 2-1 1725 x 0”98 —87.5 10.3 7.2
HOPS 127 3Co 2-1 1729 x 1703 89.9 13.6 9.5
Cc®0 2-1 1730 x 1702 —88.9 11.8 9.4
12C0 2-1 1724 x 0”98 —86.3 7.1 5.0
HOPS 129 3co 2-1 1729 x 1703 —89.6 13.5 9.4
Cc'®0 2-1 1730 x 1702 —88.5 10.5 73
12C0 2-1 1725 x 0”98 88.6 7.0 49
HOPS 130 3o 2-1 1729 x 1703 86.1 13.3 9.3
Cc'®0 2-1 1730 x 1703 87.1 10.3 72
2o 2-1 1726 x 0799 89.6 73 5.3
HOPS 134 Bco 2-1 1730 x 1704 87.3 13.2 9.3
Cc'®0 2-1 1731 x 1703 88.5 10.5 73
12c0o 2-1 1726 x 0799 —89.7 7.1 5.0
HOPS 135 Bco 2-1 1730 x 1703 88.2 13.6 9.4
C"0 2-1 1731 x 1703 89.5 13.6 11.8
12C0 2-1 1726 x 0799 —89.0 10.6 7.1
HOPS 150 Bco 2-1 1729 x 1703 89.0 13.6 9.5
C'®0 2-1 1730 x 1703 —89.7 10.6 7.4
2C0 2-1 1724 x 0”98 84.7 6.9 4.9
HOPS 157 3Co 2-1 1729 x 1703 84.6 13.5 9.7
Cc'®0 2-1 1730 x 1703 86.0 10.6 7.5
2C0 2-1 1725 x 0”98 84.2 9.5 7.4
HOPS 164 3Co 2-1 1729 x 1703 84.4 14.4 12.1
Cc'®0 2-1 1730 x 1703 85.8 10.3 7.3
12C0 2-1 1725 x 0”98 86.3 9.2 6.5
HOPS 166 Bco 2-1 1729 x 1703 85.3 13.5 96
Cc80 2-1 1730 x 1703 86.7 10.4 7.0
12C0 2-1 1725 x 0799 88.5 9.9 7.1
HOPS 169 3o 2-1 1729 x 1703 85.9 13.2 93
Cc0 2-1 1730 x 1703 87.1 4.1 2.9
12C0 2-1 1726 x 0799 83.6 6.8 4.8
HOPS 177 BCo 2-1 1729 x 1703 84.1 13.0 9.1
Cc0 2-1 1730 x 1703 85.3 10.2 72
12C0 2-1 1726 x 1700 82.1 6.7 4.3
HOPS 185 3Co 2-1 1730 x 1704 82.3 13.1 9.1
Cc'®0 2-1 1731 x 1704 83.9 10.1 7.2
12C0 2-1 1726 x 0799 79.5 6.8 4.3
HOPS 191 3co 2-1 1730 x 1704 80.9 13.1 9.2
Cc'®0 2-1 1731 x 1704 82.6 10.2 7.1
12C0O 2-1 1725 x 0799 83.9 10.1 7.1
HOPS 194 Bco 2-1 1729 x 1703 84.3 13.1 93
Cc'®0 2-1 1730 x 1703 85.5 10.2 7.1
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Table 2
(Continued)
Beam Average rms rms in
Source Line Beam Size Position in Field of View" Central Region”
(@) Angle (deg) (mJy beam™") (mJy beam ™)
12C0 2-1 1726 x 0799 83.3 6.7 47
HOPS 198 BCo 2-1 1730 x 1703 83.7 13.2 96
Cc0 2-1 1731 x 1704 85.0 10.2 7.1
12C0 2-1 1726 x 0799 82.9 6.7 47
HOPS 200 BCo 2-1 1730 x 1704 83.0 13.1 92
Cc'30 2-1 1731 x 1704 84.5 10.2 7.1
12c0 2-1 1726 x 0799 —89.8 7.0 49
HOPS 355 3o 2-1 1730 x 1703 88.0 13.6 9.7
Cc'®0 2-1 1731 x 1703 89.2 10.4 73
12C0 2-1 1725 x 0”98 —88.2 7.1 5.0
HOPS 408 BCo 2-1 1729 x 1703 89.3 13.6 9.6
Cc'0 2-1 1730 x 1703 —89.5 10.6 7.4
Notes.

# Average rms noise out to a distance where the sensitivity is 40% that of the phase center (~25”0 from the center).
b Average rms noise out to a distance where the sensitivity is 80% that of the phase center (~15”0 from the center).

Sensitive ALMA observations can provide the means to
obtain more accurate mass estimations than was previously
possible (see, e.g., Zhang et al. 2016). Our ALMA observations
clearly show low-velocity outflow structures in the low-opacity
(or optically thin) 3CO and C180(2—1) lines (see Figure 3),
which trace the outflow down to velocities of 1 km sfl, or less,
from the system velocity. Emission from these rarer isotopolo-
gues also allows us to correct for optical depth effects
(as explained in Section 4.1.2) needed to obtain accurate outflow
mass estimates (e.g., Zhang et al. 2016).

Other important outflow properties, such as the momentum
and kinetic energy, as well as the mass, momentum, and energy
injection rates, depend on the outflow velocity. In order to
obtain an accurate outflow velocity one needs to correct the
observed velocity (which only probes the component of the
velocity along the line of sight) by the inclination of the
outflow axis with respect to the plane of the sky. Recent
complementary ALMA observations allow us to obtain fairly
accurate estimates of the inclination of the disk plane, which is
expected to be perpendicular to the outflow (see Section 4.1.4).

In the subsections below we describe the procedure we use
to obtain various outflow properties. In some cases, the
methods are based on the techniques used by other recent
studies (as is the case for the outflow mass and line opacity
correction). In other cases, we introduce new methods, such as
one way we use to derive the outflow mass ejection rate.

4.1.1. System Velocity

The envelope central velocity, also referred to as the system
velocity (v, is needed to derive the outflow (radial) velocity,
and hence the outflow momentum and energy. To obtain v we
use the central velocity determined from a Gaussian fit to the C'*0
line averaged over an ~18" x 18" region centered on the protostar.
If there are multiple components in the C'®0O average spectrum,
then we only fit the component with the highest intensity. In order
to corroborate our estimate of vy, We create position—velocity
diagrams perpendicular to the outflow direction for each source
and check whether the envelope emission is centered at the system

velocity, as expected from models of circumstellar envelopes with
infall and rotation (e.g., Oya et al. 2022). Detailed position—
velocity (PV) diagram modeling with an infall-rotation model will
be presented in a future paper. The estimated system velocities for
all sources are shown in Table 1. The outflow radial velocity (Vo)
is then the difference between the observed LSR velocity (V}sgr)
and the system velocity. That is, Vou = |Visr — Veysd-

4.1.2. 2CO and *CO Opacity Correction

In Orion A, as in most other star-forming molecular clouds,
the '2CO(2-1) is optically thick (Kong et al. 2018). In our high-
resolution ALMA data, we found that for many sources the
3CO(2-1) is also optically thick near the system velocity.
Thus, to obtain an accurate mass determination from the
emission maps of these species, one needs to correct for the
opacity of both the '>CO and '*CO(2-1) lines. Moreover, the
opacity of these lines increases toward velocities closer to the
system velocity (Dunham et al. 2014; Zhang et al. 2016). A
proper opacity correction should take this into consideration.

We start by identifying the channels where there is clear
outflow emission in the '*CO maps, avoiding velocity channels
near the system velocity as they are dominated by ambient
cloud emission. We use these channels to produce integrated
intensity maps that serve to delineate the boundaries of the
redshifted and blueshifted outflow lobes. These outflow masks
are created to help isolate the outflow emission from ambient
gas. All outflow properties discussed here are measured within
these outflow masks.

The optical depth correction factor is outlined by Dunham et al.
(2014), who used *CO to correct for the opacity of the 12CO line.
An extension of this method, using C'®O to correct for the opacity
of the '*CO line, is described by Zhang et al. (2016). We followed
their procedure, which we summarize below.

In general, the C'®0 is thought to be optically thin (Kong
et al. 2018). We also assume that the IZCO, 13CO, and C'%0
emission associated with the molecular outflow are in local
thermal equilibrium (LTE) with the same excitation temper-
ature of about 50 K (Dunham et al. 2014). We assume that the
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Figure 2. Protostellar outflows and envelopes in our survey, which include 21 sources at different evolutionary stages. 12C0O J = 2—1 integrated intensity maps trace
the blueshifted (blue) and redshifted (red) molecular outflow lobes. C'®0 J = 2—1 integrated intensity maps, shown in green, trace the dense circumstellar envelope.
The upper, middle, and bottom rows show Class 0, Class I, and flat-spectrum protostars, respectively, and are arranged in order of increasing T, (Which we use as a
proxy for age) from left to right. Source names are shown above each map. Each map has a diameter of about 50”4, which is set by the 40% primary beam power
response (compared to the center of the map). The coordinates of the center of the panels are given in Table 1.

13CO outflow

2000 AU

Figure 3. HOPS 169 outflow traced by '>CO (left) and C'®0 (right) centered at o (J2000) = 5"36™36°1, §(J2000) = 06°38/5472). Left: '*CO J = 2—1 integrated
intensity maps are used to trace the blueshifted (blue) and redshifted (red) outflow lobes. Right: same outflow but traced by the C'®0 J = 2—1 emission. In both plots,
the C'®0 J = 2—1 integrated intensity map (integrated over velocities close to the system velocity) traces the dense envelope, and it is shown in green.

IZCO, 13C0, and C'®0 emission from the outflow is emitted even at densities <100 cm -3 (Wilson et al. 2009). In the dense
from the same volume and different isotopic species have the protostellar cores with a number density of the order of 10°~10®
same excitation temperature. 'CO can easily be thermalized cm >, rarer CO isotopes would also be thermalized. This is a
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very good approximation especially for the lower J transitions
because they have smaller Einstein A coefficients that lead to a
slower depopulation rate. Thus, in our case, the assumption of
LTE conditions is satisfactory.

The brightness temperature ratio for '*CO and C'®0 can be
expressed as

Trizw) 1 —exp(=713) _ 1 — exp(=7.13)
Tris(v) 1 — exp(—T7,18) Tu,18

(D

1 — exp(—7,
~eXi iy X)) @

Tu,13
where Ty is the brightness temperature and the subscripts 13
and 18 represent 3CO and C®®O respectively. Xi3 g is the
abundance ratio of >CO relative to CISO, which we assume to
be 8.7 (Wilson & Matteucci 1992). The correction factor CF 3
for the '>CO opacity is

Tr18(v)

Tv,13 ~
Jqg .
Tr13(v)

CF3=——""— =~
I — exp(—7,13)

Xi3 3)
Then, the '*CO correction is determined using the same
equation, but using Xj, ;3 =62 (Langer & Penzias 1993)
instead of X3 g, and the brightness temperature of the 3co
and '”CO emission in place of Tx ;3 and Tg 13, respectively. To
obtain the brightness temperature ratio Tg13(v)/Tr13(v) and
Tr13(V)/Tr12(v) we fit a second-order polynomial to the
redshifted and blueshifted outflow lobe of each source
independently. The ratio is calculated using the average
brightness temperature for each channel inside the outflow of
the mask. An example of the HOPS 169 redshifted outflow
lobe (Figure 3) is shown in Figure 4. The correction factor
estimated from the redshifted and blueshifted outflow lobes is
then used to correct for the opacity of the entire position—
position—velocity (PPV) cube. We first correct for the '*CO
opacity using the '*CO to C'®O ratio. Then the ratio of the '*CO

to the corrected '*CO emission was used to correct the
optically thick '*CO emission.

4.1.3. Outflow Mass, Momentum, and Energy Estimation

We follow Dunham et al. (2014) to derive most of the
molecular outflow properties using the '*CO, '*CO, and C'*0
data. The molecular hydrogen (H,) column density of the
outflowing material can be calculated from the 2co emission,
using

NHz :f(Ja T, XCO)Iv (4)
3k (21 +1) Q)
Stvi J+1) g ’

FU, T, Xco) = Xco (5)
where [ is the (opacity corrected) integrated intensity in K km
s~', and J is the quantum number for total rotational angular
momentum. One can replace the frequency (v), magnetic dipole
moment (u), partition function (Q), upper-level energy (E; 1),
the energy statistical weight (g), and abundance ratio relative to
hydrogen X with the values for '>CO and C'®0, to obtain
estimates of the H, column density using the other two CO
isotopologues. We assumed abundance ratios of 107%
1.6 x107% and 1.7x 1077 for CO, "CO, and C'"O,
respectively, which are consistent with the isotopologue ratios
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Figure 4. Average 13CO(2—1)/ C'80(2-1) brightness temperature ratio in the
redshifted outflow lobe of HOPS 169. The ratio is calculated for every velocity
channel using data above 30 within the outflow mask region. The blue points
represent the data and the red line denotes the best-fit second-degree
polynomial. The polynomial is truncated at the isotopic ratio of 8.7. The error
bars represent the dispersion around the mean of the brightness temperature
ratio across the redshifted outflow lobe.

discussed in Section 4.1.2 (Frerking et al. 1982; Langer &
Penzias 1993; Hsieh et al. 2019).
For each channel, we computed the outflow mass using

M = piyy, muApixel Nu,,

where py = 2.8 is the mean molecular weight of H,
(Kauffmann et al. 2008), my is the hydrogen atom mass, and
Apixel = 6.47 X 10%* x ¢* cm? is the pixel area at a distance of
din parsec. We use the distance estimate derived by Tobin
et al. (2020), who used Gaia data of young stars in the Orion
molecular cloud to estimate the distance to each protostar
(which we include in Table 1).

We computed the mass for every pixel in every velocity
channel, hereafter the mass spectrum, within the outflow mask
using '2CO, *CO, and C'®*0. We go through the channel maps
of each tracer (starting at the highest outflow velocities) and use
the '2CO to derive the outflow mass for the high-velocity
emission. For lower velocity outflow emission, the 'CO
becomes extremely optically thick and contaminated with the
ambient gas emission, so we then use the 3CO outflow
emission to estimate the mass at lower velocities. For sources in
which there is clear outflow emission traced by C'*O (see, e.g.,
Figure 3), we use it to estimate the mass of the lowest outflow
velocity components, near the system velocity. For all sources,
the emission at velocities close to vy becomes dominated by
the large-scale core (ambient) emission. The velocity at which
the emission is dominated by core emission, rather than by
outflow emission, is different for each source and isotopologue.
Thus, we used different velocity ranges for each source, lobe,
and tracer in order to try to capture as much of the outflow
emission as possible. We select the velocity range for each
tracer such that the protostellar outflow shows a clear intensity
contrast with the ambient emission, and avoid channels where
the structure is dominated by the cloud emission. The velocity
range used for each tracer and source is shown in Appendix C.
An example mass spectrum for HOPS 135 using all three
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Figure 5. Molecular outflow mass spectrum for the outflow from HOPS 135,
estimated using IZCO, ”CO, and C'®0. The black line marks the final selected
mass spectrum used for estimating the outflow mass.

isotopologues is shown in Figure 5, where the final mass
spectrum is highlighted in black. Note that to avoid
contamination from large-scale cloud emission at outflow
velocities we performed a cloud subtraction procedure,
described in Appendix A. All sources were used for each
analysis unless otherwise specified (see Table 8 for excluded
sources).

4.1.4. Inclination Correction

The inclination correction plays a very important role in
determining the correct value of the outflow momentum and
energy, as well as the outflow mass, momentum, and energy
ejection rates. On average inclination can affect the outflow
mass ejection rate by a factor of 3-5, and without the correction
any possible evolution trend could be rendered undetectable in
the data. In this paper, we define i to be the inclination angle of
the outflow axis with respect to the line of sight. That is, an
outflow with i=0° has a pole-on orientation and one with
i =90° is said to be edge-on.

We used the deconvolved disk major and minor axes around
each of the protostars in our sample, measured by Tobin et al.
(2020) from their ALMA 0.87 mm data, to derive the disk
inclination angle. Assuming the disk is thin, flat, and circular,
we derive the inclination angle for each disk using the ratio of
the observed major-to-minor axes. We then assume the outflow
axis is perpendicular to the disk, to estimate the outflow’s
inclination angle with respect to the line-of-sight sky (these are
listed in Table 5). This method works well when the disk
continuum emission is well resolved, yet free of extended
envelope emission. This works reasonably well for all sources
except for HOPS 177, for which the inclination angle derived
using this method (i=81°) is highly uncertain, as the
continuum emission is basically the size of the beam (i.e., the
emission appears unresolved) and the flux density S/N of this
source is only about 3.7 (Tobin et al. 2020). Moreover, the CO
velocity structure for HOPS 177 is not consistent with that
expected of a wide-angle outflow with an approximately edge-
on orientation.'> Hence, for this source we adopt i = 57°3 (the
mean inclination angle from a random uniform distribution of
outflow orientations on the sky, Bontemps et al. 1996).

15 For an edge-on wide-angle outflow one would expect to see both red and
blueshifted emission in both lobes.
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Figure 6. Cartoon diagram of the ring mask used in the RM for determining the
molecular outflow mass, momentum, and energy rates.

We also estimated the inclination angle by fitting a wide-
angle wind entrainment model to the '>CO data. This method
has been used in the past (Li & Shu 1996; Lee et al. 2000) and
we wanted to assess how well it compared to the method using
the disk continuum observations described above. A descrip-
tion of the fitting procedure and a more detailed comparison of
the inclination angle estimates obtained using the two different
methods are included in Appendix B.

4.1.5. Outflow Mass, Momentum, and Energy Ejection Rate
Estimation

Currently, the most common way to measure the molecular
mass outflow mass rate, the outflow momentum injection rate
(also referred to as the outflow force, F,,), or the outflow
energy injection rate (also referred to as the outflow mechanical
luminosity, L) is by dividing the outflow quantity of interest
by a dynamical time (t4y,). This t4y, is simply obtained by
dividing the outflow lobe length (Rion.) by a characteristic
outflow velocity, which typically is chosen to be the maximum
(detectable) molecular outflow velocity (e.g., van der Marel
et al. 2013; Dunham et al. 2014).

However, this simple method is heavily dependent on
observational parameters (see Section 5.1) and inaccurately
assumes that all the gas in the molecular outflow is moving at a
uniform (constant) velocity from the source position to the
current position. One problem with this assumption is that the
gas in a molecular outflow is mostly made of material that has
been entrained by the underlying protostellar wind rather than
material that was launched by the protostar-disk system (Offner
& Chaban 2017; Rohde et al. 2022).

For estimating the outflow momentum injection rate, we
developed a procedure based on the annulus method
described in Bontemps et al. (1996), which here we call the
ring method (RM). For this, we first created a series of ring
masks with thickness (AR) around the protostars in our
sample, at different distances (R) from the positions of the
outflow sources. We computed the outflow mass, momentum,
and energy as a function of velocity within the ring mask (see
Figure 6). Then, to estimate the rate, we calculated the
crossing time across the ring mask for each channel, which is
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obtained by dividing AR by the outflow velocity, where both
are corrected for the inclination of the system, i.e.,
Vout,cor = | (Vehan — Vsyst)/cos(i)l; ARcor = AR/Sin(i)- Then we
sum up the rate estimate for each velocity channel.

Our RM does not use a constant area as in the procedure
used by Bontemps et al. (1996). In their method, the
momentum flux is obtained following this equation:

T: (Vrad ) dVrad Area(r 5 Ar ) Vrad
A7/ Vg

; (6)

Fops o
wings

where the annulus has a radius of r and width of Ar, vq is the
radial velocity, and Area is simply rArA#, where Af is the
angular extent of the annulus sector. Bontemps et al. (1996)
assume the outflow fills the entire annulus for every velocity
channel, and Ad is the telescope beam FWHM. This is usually a
good assumption for CO maps made with single-dish telescopes
where the outflow is not resolved. The above equation also
assumes the '“CO is optically thin. Although Bontemps et al.
(1996) applied a correction factor to correct for the optical depth
of the '2CO line, their correction is the same for all sources and
does not depend on outflow velocity. In our study, we use
multiple CO isotopes to construct the mass spectrum to avoid
saturation and to trace the outflow mass at different velocities (see
Figure 5). Within the ring, the area of the outflow changes as a
function of velocity. In our RM, we account for this effect, and the
momentum flux can be expressed as

_ mass (Vchan ) Vout,corr
ARcor/ Vout,corr

where outflow mass is computed for each velocity channel
within the intersection region between the ring and the outflow
mask (see Figure 6, green region). That is, the outflow width
can be different for different outflow velocities.

This method has several advantages over previous simple
methods. The main one is that it does not assume the molecular
outflow moves at a uniform velocity from the launched position to
the current position. In addition, the outflow rate is calculated for
each velocity channel independently, rather than using one
velocity for all outflow emission. Moreover, it is not dependent on
the field of view (which will bias the assumed outflow length) or
the assumed vy, Which will depend on the sensitivity of the
observations. Thus this method provides a systematic way to
obtain molecular outflow mass, momentum, and energy rates
(hereafter referred to as molecular outflow rates) with better
accuracy compared to previous estimates. We can also construct
the ring mask at different distances from the protostar to obtain a
radial profile. An example of the molecular outflow mass rate per
lobe profile for HOPS 10 is shown in Figure 7.

Among our sample, several Class O sources have high-
velocity collimated jet components traced only by CO that are
clearly different from the rest of the molecular outflow
emission of each source. These are HOPS 10, HOPS 11, and
HOPS 164. Unlike the low-velocity outflow component, these
molecular jets could be mostly made of disk-launched material
(Lee 2020). To compare the entrained material with the disk-
launched material, we separate out the extremely high-velocity
components, which can clearly be seen in the mass rate
spectrum of a source, as shown in Figure 8. The outflow mass
rate spectrum is the outflow mass spectrum (Figure 5) divided
by the crossing time across the ring (mass(Vour.cor)/ (AR /Vout.cor))-
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Figure 7. Molecular outflow mass rate (per lobe) for the Class 0 source HOPS
10. The profile is corrected for inclination angle.

We stress that the outflow mass rate we measure with our data
is that of the entrained gas, and not of the mass that is directly
ejected from the central disk-star system. Measuring the
outflow mass rate for the entrained gas is crucial as it is
directly linked to envelope dispersal.

To study the evolution of the molecular outflow rates we
averaged all sources within each class in our sample (see
Figure 9). We did not include HOPS 408 in the average for
Class 0 sources, as the outflow from this source is barely
resolved and the outflow rate cannot be measured using the ring
mask method. HOPS 166 and HOPS 194 are not included in
the average because they have significantly higher bolometric
luminosity (>10L.) and significantly higher core mass as
compared to other sources in this study. In Figure 9 we plot the
average molecular outflow rates per lobe for each evolutionary
class. The derived values of these rates, at five different
distances from each source, are listed in Appendix E (see
Tables 9-11), for all sources in our sample.

From Figure 9, it is clear that Class I protostars have the highest
total molecular outflow mass rate. This is opposite to the recent
simulations showing the decrease in outflow mass-loss rate from
Class 0 to Class I protostars (Rohde et al. 2022). The molecular
outflow mass rate per lobe of Class I protostars is around 60%
higher than that of Class O protostars and 6 times higher than flat-
spectrum sources. The sharp decrease in mass outflow rate
between Class I and flat-spectrum sources indicates that the
majority of the mass entrainment occurs during the Class I phase.

In Figure 9, we plot the average molecular outflow rates (per
outflow lobe) with and without the high-velocity jets, for the Class
0 sources. The molecular outflow mass rate profile does not
change much when the high-velocity jets are added. This indicates
the high-velocity jets in Class 0 do not carry much mass compared
to the wider low-velocity swept-up material, and that the majority
of the entrained mass lies within the low-velocity molecular
outflow. However, the momentum and energy ejection rate
increase by a factor of 2 and 4, respectively, for Class 0 sources,
when high-velocity jets are included. Thus, the momentum in the
low-velocity outflow is comparable to the high-velocity jets in
Class 0, and the dominant energy ejection rate lies in the
collimated high-velocity jets.
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Figure 8. Example of molecular outflow mass rate spectrum for HOPS 10, HOPS 11, and HOPS 164 using the RM (see Figure 6). The mass ejection rate spectrum is
the mass spectrum divided by the crossing time across the ring (mass(Viaa)/(Ar/viaa)). The black arrows mark the positions of high-velocity jets.

We average all the distance bins in Figure 9, and multiply by
2 for two outflow lobes to obtain the average outflow rate for
each protostellar stage. Using our estimate of the average
molecular outflow mass rate during each protostellar stage, and
assuming that the Class O phase lasts about 0.13-0.26 Myr, the
Class I phase lasts approximately 0.27-0.52 Myr, and the flat-
spectrum phase also lasts around 0.27-0.52 Myr (Dunham et al.
2015), we can estimate the total mass of the circumstellar material
entrained by a typical outflow during each phase. We find that on
average a protostar will entrain around 0.5-0.9 M, of circumstellar
material during the Class 0 phase (using an average molecular
outflow mass rate for this evolutionary phase of My, = 3.5 M,
l\iyrfl), 1.5-2.9 M., of material during Class I phase (using
Moy = 5.6 M, Myr "), and 0.2-0.4 M, during the flat-spectrum
phase (using Moy = 0.8 M., Myr ). Thus, we expect that by the
end of the protostellar phase, a typical outflow will entrain about
2.2-4.2 M., of circumstellar material (see Table 4).

Nearly all of the momentum and energy injected by the outflow
to the core is concentrated during the Class O phase. Adopting the
same timescales for each protostellar stage as above (and including
the momentum and energy injection rates from the high-velocity

11

jet component in the calculations), we expect outflows to inject a
total of about 5.3-10.5M. kms ' of momentum and
3.5-7.0 x 10* erg of energy in the Class 0 phase (using average
momentum and energy injection rates for this evolutionary phase
of By = 405 M., Myr 'km s', and Egy = 2.7 x 10%
erg Myr'); approximately 5.1-9.9 M, kms ' of momentum and
2.7-5.2 x 10% erg of energy in the Class I phase (using, By =
19.06 M, Myr " kms ™', and E,y = 9.9 x 10* erg Myr '); and
about 0.6-1.2 M., kms ™' of momentum and 3.3-6.3 x 10* erg of
energy in the flat-spectrum phase (using By = 2.3M. Myr 'km
s, and Egy = 1.2 x 10* erg Myr'). We thus estimate that by
the end of the protostellar phase, the total outflow momentum and
energy will be approximately 11.0-21.6 M. kms ' and
3.8-7.6 x 10* erg, respectively. The results are summarized in
Table 3.

4.2. PFT Technique and Observational Instantaneous Outflow
Mass, Momentum, and Energy Ejection Rate Maps

Motivated by the RM (described above), we developed
another procedure to estimate outflow mass rates, which we
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Figure 9. Profiles of the average molecular outflow mass, momentum, and energy rates per outflow lobe for different protostellar evolutionary classes (Class 0, Class I,
and flat spectrum). For the Class 0 sources, we show the average rates with and without inclusion of the high-velocity jet component. All results shown are inclination
corrected. In creating these plots, the Class 0 source HOPS 408 was not included because its outflow is barely resolved, and the flat-spectrum sources HOPS 166 and
HOPS 194 were not included because they have significantly higher bolometric luminosity (>10 L)) and significantly higher core masses compared to other sources
in this study. The dispersion of outflow rate values for each evolutionary class is approximately a factor of 2.

Table 3
The Total Mass, Momentum, Energy Injected/displaced by the Molecular Outflow, and Corresponding Molecular Outflow Rates at Different Evolutionary Stages
Class Duration Moy P Eout My, Pout Eou Core Mass®
(Myn) (M, Myr ) (M, km s~ (erg Myr ") M) (M kms ™) (erg) (Me)
Myr ")

o° 0.13-0.26 35 40.5 2.7 x 10% 0.5-0.9 5.3-10.5 (3.5-7.0) x 10% (0.95, 1.04)
I 0.27-0.52 5.6 19.1 9.9 x 10% 1.5-2.9 5.1-9.9 (2.7-5.2) x 10* (0.49, 0.49)
Flat® 0.27-0.52 0.8 2.3 1.2 x 10% 0.2-0.4 0.6-1.2 (3.3-6.3) x 10% (0.46, 0.26)
Notes.

# The first value is the average core mass from our ALMA C'®0 data. The second value is the average core mass derived from the JCMT 850 pm dust continuum data
(Lane et al. 2016). Both core mass estimates are measured using a similar core size of ~6000 au.

® HOPS 408 is excluded from these estimates as we were not able to obtain a reliable molecular outflow mass rate for this source.

€ HOPS 194 and HOPS 166 are excluded from the average as these two sources have significantly higher core masses derived from C'®0 as compared to core masses
derived from the dust continuum. They also have the highest bolometric luminosity (>10 L) in our sample.

call the PFT technique.16 The basic idea of the PFT technique where n =0, 1, 2, and k= 1.0, 1.0, 0.5 for mass, momentum, and
is to view each pixel as a thin ring and estimate the energy flux, respectively. To avoid cloud contamination, we
instantaneous outflow mass rate across each pixel. This is developed a cloud subtraction method for the PFT technique
similar to the flux tracing commonly used in simulations (e.g., (different from that used for the RM), which we show in
Mignone et al. 2012; Bryan et al. 2014). We start with Appendix A.

calculating the mass, momentum, or energy spectrum for each In Figure 10, we present the outflow instantaneous mass,

pixel. Then, we compute the crossing time (Tcmsspix) for each
velocity channel, as in the RM, but we use the pixel width
(AR,) instead of the ring width. That is,

momentum, and energy ejection rate maps for HOPS 355. For
other sources, the maps are shown in Appendix F. It is important
to point out that instead of a single rate value, as obtained by
AR, /sin(i) previous methods (e.g., van der Marel et al. 2013), the 2D maps

Teross pix,vehan — | e — Vege) /€05 (0] , ®) from the PFT technique contain spatial information on how the
chan 7 Fsyst rates vary within the outflow cavity. The pixel scale is 66 au

(0717). Each map carries a different physical meaning. The
instantaneous molecular outflow mass rate maps track the material
entrained by the outflow. The instantaneous momentum rate maps
show the force acting on the gas in each pixel. The instantaneous
energy ejection rate maps, which highly weigh the high-velocity
components, show the distribution of the molecular outflow

where i is the inclination angle, and (Vepan — Veyst)/c0s(i) is the
outflow velocity for that particular velocity channel, corrected
for inclination (Vourcorr). Then the outflow mass, momentum,
and energy flux for a pixel located at position (x, y) can be
computed as

mMass (Vehans X> ¥) Vewt.corr mech.anical luminosity apd typically reve.al the collimated h@gh-
Fops(x, y) =k f . dVenan, ) velocity components which are closely linked to the accretion-
CTOSSpix.vehan driven jet launched by the protostar. We will use the instantaneous

energy ejection rate maps to identify protostellar jets and explore
' The code is available on GitHub at https://github.com/chenghanhsieh/ the relationship between jet mass-loss rate and accretion rate in a
pixel-flux-tracing-technique /blob/main/README.md. future paper.
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Figure 10. HOPS 355 molecular outflow mass, momentum, and energy maps (panels in the left column), and the corresponding rate maps (panels in the right column).
The red ellipse in the bottom left of each panel represents the synthesized beam. Note that the pixel size is the same for all maps and is 0”17 x 0717.

4.3. Outflow Opening Angles

To assess the importance of outflows in the removal of dense
gas around the protostar, one important quantity to consider is
the outflow opening angle, as it can be used to estimate the
volume of gas cleared in a protostellar core by the outflow. To
derive the outflow opening angle we follow a method based on
that described by Offner et al. (2011), Feddersen et al. (2020),
and M. Dunham et al. 2023, in preparation. We first construct
an outflow mask based on the '*CO integrated intensity maps
with emission above 30, where we exclude velocity channels
with cloud emission. We calculate the position angle for each
pixel and then obtain the distribution of pixels at different
angles within the outflow mask. We then fit this with a
Gaussian to obtain the mean of the distribution (1), from which
we obtain the outflow axis position angle, and the dispersion
(o). The outflow opening angle is then defined as the full-width
quarter maximum (FWQM) (Ogwom =3.33020) of the
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distribution. This definition is selected to match the opening
angle derived by eye and to be consistent with past studies
(e.g., Offner et al. 2011; M. Dunham et al. 2023, in
preparation). The opening angles measured by this method
are the projected outflow opening angles in the plane of the sky
and an inclination correction is needed. Without correction, the
outflow opening angle for systems that are close to pole-on
(i.e., small values of i) would be overestimated. We adopted a
simple conical outflow model to correct the opening angles for
the systems’ inclination, as described by M. Dunham et al.
(2023, in preparation).

We were not able to obtain reliable estimates of the opening
angle using this technique for the Class 0 HOPS 408, as its
outflow is barely resolved by our observations, and the flat-
spectrum sources HOPS 150 and HOPS 166, as their outflows
are very clumpy or spotty, which resulted in very poor
Gaussian fits to the pixel angle distribution. For HOPS 194, the
Gaussian fits to the '2CO pixel angle distribution is very poor,
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Figure 11. Outflow opening angle vs. bolometric temperature for the sources in our sample. The opening angle for two flat sources (HOPS 150 and HOPS 166) and
one Class 0 source (HOPS 408) are not included in the plot as their opening angles are ill-defined (see the text for details). For HOPS 194, the Gaussian fits to the
12CO pixel angle distribution is very poor, so we measured the outflow opening angle by eye using the C'®0 integrated intensity map. The thin-dashed green line
represents a power-law fit of all the data described by equation y = 10°x™, with m = 0.18 & 0.10 and ¢ = 1.45 + 0.22. The two thick gray lines represent the broken
power-law fits with a break at Ty, = 100 K. For Ty, < 100 K, m = 1.24 +0.30, and ¢ = — 0.45 £ 0.57; Tpo > 100K, m =0.10 £ 0.19, and ¢ = 1.63 £+ 0.47.

Outflow opening angles have been corrected for the outflows’ inclination.

but the outflow cavity can clearly be traced by C'®0 as shown
in Figure 2. Thus, for this source, we measured the outflow
opening angle by eye using its C'®*0 moment 0 map.

Figure 11 shows a plot of the opening angle as a function of
bolometric temperature (7};), which is usually considered a
reasonable proxy for protostellar evolution (i.e., the more
evolved protostars have higher Ty, values, see Chen et al.
1995; Ladd et al. 1998). In Figure 11 we identify the
protostellar evolutionary class of each source with one of three
colors. It can be seen that while there is considerable scatter
among protostars of the same evolutionary class, there is a clear
trend where the outflow opening angle increases with the
protostellar evolutionary stage. The increasing trend in the
outflow opening angle is consistent with the '*CO maps shown
in Figure 2, and implies that outflows may play an important
role in clearing the surrounding envelope material.

4.4. Momentum and Energy Opening Angles

To further understand how the outflow interacts with the
surroundings, we investigate the angular distribution of the
outflow momentum and energy. We start with estimating the
outflow momentum and energy opening angle from the 2D
momentum and energy map of each source (as shown in
Figures 10 and Figures 21-43 in the Appendices). We calculate
the position angle of each pixel in the map, with respect to the
source. We then determine the distribution of the average
momentum/energy as a function of angle, and fit a Gaussian to
estimate the momentum/energy opening angle. The opening
angle is defined as the FWQM of the Gaussian fit. The
measured momentum, energy opening angles are shown in
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Figure 12. The outflow momentum and energy opening angles
widen as a protostar evolves. To quantify the rate at which the
opening angle widens we fitted a power-law y = 10“x™ to all
the angular profiles shown above (see Figure 12). Note that
several sources are not included due to a poor Gaussian fit to
their momentum/energy angle distribution.

In Figure 13, we show polar plots of the normalized average
outflow momentum and energy for each evolutionary class. To
construct these plots we normalized the momentum/energy
profile (distribution) so that the peak value of each outflow has
a value of one, and we then obtained the average profile for
each protostellar evolutionary class. Note that the momentum/
energy profiles include the high-velocity jets as shown in
Figure 8. In Figure 13, it can clearly be seen that the average
momentum and energy angular profiles change significantly
between different evolutionary classes. For Class 0 sources the
energy and momentum are much more collimated, compared to
more evolved sources. The vast contrast in the angular profile
of energy and momentum between Class 0 and Class I confirms
that a significant widening of the outflow momentum and
energy angular profile occurs as the protostar evolves.

The significant widening of the angular profiles shown
Figure 13 suggests that the impact of protostellar outflows
launched on the surrounding environment evolves rapidly at
the earliest stage of star formation. In Section 4.1.5 we noted
that while molecular outflows from Class 0 sources have a
significantly higher momentum rate as compared to those from
Class I sources, the total mass-loss rate for Class 0 molecular
outflows is lower than the Class I outflows (Figure 9). These
results are consistent with a picture in which the high-velocity
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Figure 12. Outflow momentum opening angle (left) and outflow energy opening angle (right) vs. Ty, for the sources in our sample. In both panels, the green line
represents a power-law fit to all the data using the equation y = 10°x™. For the momentum opening angle, the fit to all the data gives m = 0.44 + 0.18 and
¢ =0.79 + 0.36. Similarly, for the energy opening angle m = 0.49 + 0.17 and ¢ = 0.81 %+ 0.38. In each panel, the two black lines represent broken power-law fits
with a breakpoint at Ty,,) = 100 K. For the momentum opening angle, m = 1.42 4+ 0.32 and ¢ = —0.85 £ 0.60 for sources with Ty, < 100 K, and m = —0.14 £+ 0.49
and ¢ =2.20 £ 1.10 for sources with Tyo > 100 K. For the energy opening angle, m = 1.82 +0.28 and ¢ = —1.59 £ 0.52 for sources with T}, < 100 K, and
m =0.20 + 0.51 and ¢ = 1.52 £ 1.18 for T},,; > 100 K. Note that HOPS 150 is taken out for the energy opening angle because it is contaminated by a high-velocity
jet from a nearby source outside the field of view. The contamination is much weaker for the momentum map as compared to the energy map. Sources with ill-defined
opening angles are not included in the plots. Opening angles have been corrected for the outflows’ inclination.

collimated Class 0 jets quickly punch a hole in the protostellar
core. Later, in the Class I phase the entrained molecular outflow
slows down and is spread out to a much larger volume. We thus
expect that the majority of the gas clearing occurs during the
Class I stage.

5. Discussion
5.1. On Selection Effects: RM versus RNV, Method

Different methods used in measuring protostellar outflow
rates have resulted in values varying by a factor of 5-6 (van der
Marel et al. 2013). It is thus important to benchmark the
different techniques, identifying all the assumptions and
caveats. As described above, we used two methods to
determine outflow rates in our sample: the RM and the PFT
technique. We first compare our methods with the commonly
used dynamical time approach, hereafter the Rgpe/Vinax method,
in which dynamical time is estimated by using the simple
equation fgyn = Rigbe/Vmax> Where Ry is the length of the
outflow and vp,,x is the maximum outflow velocity. Outflow
mass-loss rate, momentum, and energy injection rate are
estimated by dividing the total mass, momentum, and energy
by fqyn. This method thus (incorrectly) assumes that the
molecular gas inside the outflows moves from the source to the
current position at a single velocity. In addition, as discussed
below, this method highly depends on the sensitivity and extent
of the observations.

Using the Riope/Vmax method to estimate the mass,
momentum, and energy ejection rate of the 21 sources in our
survey, we find estimates that are, on average, 80, 350, and 8
times higher than our RM results, respectively. The results
highlight the problem of using a single dynamic time to
estimate rates. The choice of a characteristic velocity (Vipax)s
which typically is the maximum velocity relative to the system
velocity where '2CO is detected at 30, is dependent on the
sensitivity of the observations. Previous ALMA observations
have revealed molecular outflow emission at much higher
velocities than typical single-dish observations (e.g., Arce et al.
2013; Hull et al. 2016). Thus, it is not surprising that with our
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ALMA data we detect high values of vy, which result in
extremely large rate estimates when using the Rjope/Viax
method. This clearly results in an overestimation of the outflow
rates as only a small fraction of the outflow mass moves at the
highest velocities. For example, for HOPS 10 the v« is close
to 100km s~ . Yet, only 0.9% of the total molecular outflow
mass is moving at this high speed.

The Riope/Vmax method also suffers from the fact that it
depends on the measured outflow lobe length, which depends
on the extent of the area observed around the outflow source
and the sensitivity of the observations. In our case, all our
observations are restricted to 25” (10,000 au) from the source,
which in most cases is significantly smaller than the full extent
of the outflow lobe. Hence, our observations would vastly
underestimate R;,,.. We thus stress that this method should not
be used to estimate dynamical times and rates as both R, and
vmax highly depend on the observations’ parameters. In fact,
two different (single-dish) studies with overlapping sources
estimate the dynamical timescales of '2CO outflows that differ
by a factor of 5 for the same sources (Takahashi et al. 2008;
Kang et al. 2021).

The unreliability of selecting outflow length and outflow
characteristic velocity for the dynamical timescale estimates
may have resulted in conflicting results regarding outflow rates,
even in large outflow surveys. Feddersen et al. (2020) studied
45 protostellar outflows in the Orion A molecular cloud using a
medium-resolution (8”) CO map. They applied the optical
depth correction outlined by Dunham et al. (2014) for the CO
maps and they found that the molecular outflow rates are
independent of evolutionary stage. This is in conflict with the
Atacama Pathfinder Experiment (APEX) '*CO J =3-2 study
of 49 sources by Mottram et al. (2017) which found the outflow
mass and momentum ejection rates decrease between Class 0
and Class I. Similar trends were also found by Yildiz et al.
(2015).

van der Marel et al. (2013) compared seven different
methods for obtaining outflow force (i.e., momentum rate).
They found that estimates from these different methods can
differ by as much as a factor of 6 for an individual source. Most
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Figure 13. Average normalized momentum (left panels) and energy (right panels) angular profile for protostars at different evolutionary stages: Class 0 (top), Class I
(middle), and flat spectrum (bottom). The 0° marks the direction of the outflow axis. All profiles are measured within the region of our maps where the sensitivity falls
down to 40% of the peak sensitivity at the center of the map (i.e., 25”0 radius, or about 10,000 au from the center). Emission perpendicular to the outflow direction
(i.e., <—85° and >85°) is not used to estimate the average momentum and energy in order to avoid possible contamination from the circumstellar disk /inner envelope

material. All angular profiles have been corrected for the outflows’ inclination.

of these methods rely on measuring the size of the outflow lobe
or maximum outflow velocity. As discussed above these two
parameters strongly depend on the strategy and sensitivity of
the observation. Of all the methods compared in that study, the
annulus method developed by Bontemps et al. (1996) on which
we base our RM, seems to be the one that depends the least on
observing parameters (e.g., field of view or area covered by
observations) and thus we prefer and recommend its use over
the other methods discussed in van der Marel et al. (2013).

5.2. Outflow Rates and Bolometric Luminosity

To put our results in context with those of recent studies, we
compare our results to those of Nagy et al. (2020, hereafter
Nagy?20), Kang et al. (2021, hereafter Kang21), and Feddersen
et al. (2020, hereafter Fed20)—outflow studies of protostellar
outflows from sources in the Orion molecular clouds. To ensure
a fair comparison between our results and those of the other
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studies (and remove any possible bias due to a differing
percentage of sources at different evolutionary stages for the
different studies), we reestimate the average outflow rates for
our sample by multiplying the average rate per evolutionary
class we determined (Section 4.1.5) by the percentage of
sources in that evolutionary class in the sample of the particular
study. For example, in the Fed20 sample, 51% are Class O
sources, 28% are Class I, and 21% are flat-spectrum sources.
We then estimate the expected total molecular outflow
mass rate we would derive if our sample had the same
composition as that of the Fed20 sample to be
51% x 3.5 +28% x 5.6 +21% x 0.8 =3.5 M., Myr ', where
3.5,5.6, and 0.8 M., Myr ' are the average mass-loss rates we
derive from our sample for the Class 0, Class I and flat-
spectrum sources, respectively. In Figure 14, we plot the
average outflow rates for outflows driven by HOPS sources as
determined by Nagy20, Kang21, and Fed20, and we compare
them to the average values of our study, corrected for the
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Figure 14. Comparison of molecular outflow rates in Orion A. The left, middle, and right panels show the mean molecular outflow mass rate, momentum rate, and
energy rate of various samples against the median bolometric luminosity of the samples, respectively. Different colors represent different samples and CO rotational
transitions used to measure the molecular outflow rates. The sample by Nagy20 includes 16 very young Class O protostars observed with APEX (Nagy20). The sample
by Kang21 is composed of six Class 0 and 3 Class I observed with APEX (Kang21). The Fed20 study includes 45 protostars observed as part of the NRO-CARMA
Orion survey (Fed20). C0O, CO0I, and COIf are the outflow rates from this study, corrected for the sample composition of Nagy20, Kang21, and Fed20, respectively, as
described in the text. The numbers in the legend next to the letter J represent the CO transition used in the survey.

sample demographics of these other studies. In the x-axis, we
plot the median bolometric luminosity for the sample in each
study, with error bars showing the range between the first and
third quartiles of the Ly, values in the sample. In the vertical
axis, we plot the sample average rates with error bars
representing the standard deviations of the sample sources for
Nagy20, Kang21, and our study. For Fed20, the vertical error
bars represent the range of values obtained when including and
excluding the low-velocity outflow components to estimate the
rates.

The most dominant factor that affects the outflow rate
measurements is the selection of the source bolometric
luminosity range. We see a very clear trend in Figure 14,
namely, studies with higher bolometric luminosity samples
have significantly higher estimates of molecular outflow rates.
The rate estimates can vary by a factor of 100 depending on the
sample bolometric luminosity range. Molecular outflow rates
obtained from different '*CO transitions only varied by a factor
of 2 for studies with the same sources (e.g., Kang21 use the
'2CO transitions 7-6 and 6-5). The strong dependence on
bolometric luminosity shows that the protostellar outflow
feedback varies significantly depending on protostellar mass or
accretion rate.

These increasing trends of the molecular outflow rates with
bolometric luminosity are consistent with the results shown by
Maud et al. (2015) for outflows from massive YSOs, with
Lo > 103L®. Previous studies have shown a clear correlation
of the '?CO outflow force (i.e., outflow momentum rate) with
the source’s bolometric luminosity for a wide range of Ly,
values, from ~1072 to ~105L® (e.g., Cabrit & Bertout 1992;
van Kempen et al. 2016; Maud et al. 2015). From the left and
right panels of Figure 14, it appears that the increasing trend
with Ly, is also present in the outflow mass rate and the
outflow energy rate for Ly, < lOzL@, and not just for sources
with the high values of Ly, reported in Maud et al. (2015). It is
clear that in order to study (and detect) any possible
evolutionary trends in the outflow rates one needs to rigorously
control the range in the bolometric luminosity of the sample.
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5.3. Outflow Mass Loss as Evidence of Core Growth

Our survey of 21 protostars has found that by the end of the
protostellar phase, a typical outflow can displace around
2.2-42 M. of the core material. However, this estimate
includes all the gas that we identified as outflowing gas, and
some of it, although perturbed and entrained by the protostellar
wind, might still be gravitationally bound to the core. The
bounded outflowing gas may eventually fall back toward the
protostellar core forming a protostellar version of a Galactic
fountain (Spitoni et al. 2008). To determine how much core gas
could be removed by an outflow, we need to estimate the core’s
escape velocity. For a 5 M. protostellar core, the corresp-
onding escape velocity (ves.) at a radius of 10,000 au is ~1 km
s~'. Alternatively, for a 2 M, protostellar envelope, the
corresponding escape velocity (vesc) at a radius of 1000 au is
about ~2 km s~ '. Each protostar has a different escape velocity
depending on the mass of the system (protostellar + envelope).
Unfortunately, we do not know the mass of each protostar in
our sample. Hence, for simplicity, we adopted escape velocities
of 1and 2km s~ ' for the whole sample.

We use the RM to calculate the outflow mass-loss rate (as in
Section 4.1.5) for gas with a velocity greater than the escape
velocity of 1 and 2 km s~ '. Note that we assume the outflow
gas moves mostly along the direction of the outflow axis, and
we use the outflow inclination angle to obtain the gas velocities
that we compared with the escape velocity. Some gas is
expected to move perpendicular to the outflow direction due to,
for example, the thermal expansion of the gas in the post-shock
zone behind the working surface (Ostriker et al. 2001; Downes
& Cabrit 2007). However, this is expected to be much less
massive than the gas that moves along the outflow direction.
Hence, for simplicity, we do not include gas moving
perpendicular to the outflow direction.

Adopting the protostellar ages for each phase from Dunham
et al. (2015), see Table 4, we found that for an escape velocity
of 1km s, the outflow will remove 0.4-0.8 M, (using an
average molecular outflow mass rate of My, = 3.2 M, Myr 1
of core material during the Class O phase, 1.5-2.8 M., (using
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Table 4
Total Mass Removed by the Molecular Outflow and Its Corresponding Molecular Outflow Mass-loss Rates at Different Evolutionary Stages for Different Escape
Velocities
Mo Moy, for Moy, for Moy M for My for Core
Class Duration for All Gas Vese > 1 kms™! Vese =2 kms™! for All Vese = 1 Vese = 2 Mass®
Myr) M. Myr™) (M. Myr™) M Myr™) Gas M) kms' (Mo)  kms' (M) M)
0° 0.13-0.26 35 32 2.6 0.5-0.9 0.4-0.8 0.3-0.7 (0.95, 1.04)
I 0.27-0.52 5.6 5.4 44 1.5-2.9 1.5-2.8 1.2-2.3 (0.49, 0.49)
Flat® 0.27-0.52 0.8 0.7 0.5 0.2-04 0.2-04 0.1-0.2 (0.46, 0.26)
Notes.

# The first value is the average core mass from our ALMA C'®0 data. The second value is the average core mass derived from the JCMT 850 pm dust continuum data
(Lane et al. 2016). Both core mass estimates are measured using a similar core size of ~6000 au.

® HOPS 408 is excluded from these estimates as we were not able to obtain a reliable molecular outflow mass rate for this source.

¢ HOPS 194 and HOPS 166 are excluded from the average as these two sources have significantly higher core mass derived from C'®0 as compared to the core
masses derived from dust continuum. They also have the highest bolometric luminosity (>10 L) in our sample.

Moy = 5.4 M, Myrfl) during the Class 1 phase, and 0.2-0.4
M., (using Moy = 0.7 M, Myr ") in the flat-spectrum phase.

Similarly, for cores with a higher escape velocity of 2 km
s, the outflow will remove about 0.3-0.7 M., of core material
during the Class 0 phase, with an average mass-loss rate of
Moy = 2.6 M, Myr ', approximately 1.2-2.3 M. of core
material during the Class I phase, with an average mass-loss
rate of Mo, = 4.4 M, Myr~', and roughly 0.1-0.2 M., of core
material during the flat-spectrum phase with an average of
My, = 0.5 M, Myr'. By the end of the protostellar phase, an
outflow could remove a total of 2.1-4.0 M, or 1.7-3.2 M, of
material from the protostellar core, assuming a core escape
velocity of 1 and 2 km s ' respectively. The results are
summarized in Table 4. The derived values of the molecular
outflow at five different distances from the source for velocity
greater than the escape velocity of 1and 2 km s™', for all
sources in our sample are listed in the Appendices (see
Tables 12—-17).

The averaged mass of the entrained outflow gas derived from
our sample is comparable to or larger than the median of the
protostellar core mass in the Orion A cloud (Takemura et al.
2021) and the median of the core mass in the Dragon infrared
dark cloud (Kong et al. 2021). We also use our ALMA Cycle 6
c'®o data, as well as the James Clerk Maxwell Telescope
(JCMT) 850 ym dust continuum core catalog identified by
Lane et al. (2016), to drive the mass of the cores harboring the
protostars in our samples (see Tables 1 and 4). Both mass
estimates were measured using a similar core size of ~6000 au.
Note that HOPS 408, HOPS 166, and HOPS 194 are excluded
in the averaged outflow rate, mass estimates, and the averaged
core mass in Table 4.

From Table 4, for an escape velocity of 1kms~' we found
that around 40%-80% of the average core mass would be
removed by the protostellar outflow by the end of Class 0. For
Class I, the mass removed by the protostellar outflow is 3—6
times the average mass of a core in this stage. For flat-spectrum
sources, we estimate that the outflow will remove around 43 %—
87% or 77%—154% of the core mass, depending on whether we
assume an average core mass derived from C'®0 and dust
continuum, respectively. Protostellar cores generally do not
live in isolated environments, but instead are embedded in
larger filaments and clouds (André et al. 2014; Hsieh et al.
2021). The high percentage of total core mass removed by
outflows at each protostellar phase implies that the mass budget
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of the protostellar core must be continuously replenished by
material from larger scales.

The biggest uncertainty in quantifying the mass loss by
protostellar outflows at each evolutionary stage is the time a
protostellar system stays in each evolutionary class. The
lifetime estimates we used here, reported by Dunham et al.
(2015), are one of the most commonly used. Kristensen &
Dunham (2018) use a different technique, a nuclear decay half-
life model, to derive the duration of each evolutionary class.
Converting the derived half-life to the average lifetime for each
stage, the derived lifetimes for Class O, Class I, and flat-
spectrum sources are 68 +6, 130410, and 126 £ 12 kyr,
respectively. They are a factor of 2 and 4 lower than the lower
and upper bound of the lifetimes estimated by Dunham et al.
(2015). Dunham et al. (2014) and Megeath et al. (2022)
obtained protostellar lifetimes longer than the lifetimes from
Kristensen & Dunham (2018), but shorter than the values in
Dunham et al. (2015). Even if we were to adopt the duration of
the protostellar evolutionary classes from Kristensen &
Dunham (2018) this would only lower the total core mass
removed by protostellar outflows by a factor of 2, which is still
a significant fraction of the total average core mass.

Recent studies have found a clear mass difference between
the protostellar and starless core in the Dragon infrared dark
cloud (ak.a., G28.3740.07 or G28.3740.06) (Kong et al.
2021). Adopting a typical temperature of 20K from the
Herschel dust temperature map, the authors found that the
medium value for protostellar core masses is 2.1 M, and for
starless cores, it is 0.37 M. Protostellar cores are found to have
similar densities but larger sizes as compared to starless cores.
The mass difference can be attributed to the continuous mass
accretion onto the protostellar cores from filaments, as
predicted by simulations (Li & Klein 2019). The high
protostellar outflow mass loss from our ALMA survey poses
serious challenges to the current concept of static cores, as a
well-defined reservoir of mass, and the simplified core-to-star
conversion ideas. Together with evidence of core growth
predicted by simulations (e.g., Li & Klein 2019) and results
from other observational studies (e.g., Kong et al. 2021), our
results point to a more dynamic star formation at core scales.

5.4. Evolution of Conventional Outflow Opening Angle

Protostellar outflows play an important role in core dispersal
and setting the stellar mass (Myers 2008; Guszejnov et al.
2022). The Spitzer Cores to Disks (c2d) legacy survey of 265
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and 353 sources in Ophiuchus and Perseus has shown that all
Class 0 protostars have associated cores observed by the
SCUBA instrument on JCMT. The number declines to around
50% for Class I and less than 3% for more evolved Class II and
Class III sources (Jgrgensen et al. 2008). A study of the spectral
energy densities of 330 YSOs in HOPS has shown that the
envelope volume density drops by a factor of 50 between Class
0 and flat-spectrum sources (Furlan et al. 2016). Many
simulations suggest that outflows are responsible for the
dispersion of the protostellar core (Machida & Hosokawa 2013;
Offner & Arce 2014; Offner & Chaban 2017). Outflows from
Class 0 sources are very collimated and therefore only impact a
very limited volume, so if outflows are responsible for core
dispersal, they need to become wider as they evolve. The
widening of the outflow cavity found in multiple observations
has suggested the impacted volume for outflow—core interac-
tions increases over time (Arce & Sargent 2006; Velusamy
et al. 2014; Hsieh et al. 2017).

The recent STARFORGE simulations have shown that the
widening of the outflow cavity allows protostellar outflows to
disturb the accretion flows around the protostars, causing the
gas to fragment into more low-mass stars, setting the mass scale
of stars and circumstellar disks (Guszejnov et al. 2022). These
numerical simulations also indicate that the peak of the IMF is
sensitive to the momentum loading factor of the protostellar
jets (Guszejnov et al. 2022). Outflows are believed to be the
main explanation for the low core-to-star efficiency of 30%
(Alves et al. 2007). Understanding how outflows interact with
the protostellar core is one of the major questions in star
formation, and the outflow opening angle is one of the key
parameters for understanding the outflow—core interaction.

We investigate the evolution of the outflow opening angles
using our sample of 21 sources, which includes seven sources
of each of the protostellar classes (Class 0, Class I, and flat
spectrum). Performing a least-squares fit to our data, as shown
in Figure 11, we find a correlation between the outflow opening
angle (Opwom) and the bolometric temperature (Ty,;) as

G}
log(

This is much shallower than the relationship derived from Arce
& Sargent (2006) based on the lower resolution 570
(interferometer) maps of the 2CO outflows of 17 sources
(combining results from their own survey and the literature):

FWQM

) = (1.5+£02) + (0.18 £ 0.09)10g(TE’1).

(10)

S)
log( FWQM) =(1.7+17) + (038 £ 0.96)log(h).
deg K

11

The difference in slope might be caused by the fact that the
Arce & Sargent (2006) study did not correct the outflow
opening angle for the outflow inclination. We conduct the same
fit with our ALMA data using the opening angles without
inclination correction in Appendix G and find the slope to be
0.38 £ 0.06, which is consistent with the results obtained by
Arce & Sargent (2006).

A study of the outflow opening angle based on the Spitzer
IRAC image of 31 YSOs by Velusamy et al. (2014) showed a
clear increase in opening angle with age, with a break at
8000 yr (which corresponds to a Ty of about 82 K), where the
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relationship then becomes approximately flat:
2.05 + 0.7610g(TIt21), Thor < 82K

S}
log( FWQM) _
deg

The power-law index of 0.76 derived by Velusamy et al.
(2014) for younger YSOs is consistent with our high-resolution
CO study with the power-law index of 1.24 for sources with
Tvo1 < 100 K. For more evolved sources, the small power-law
index of 0.05 in Velusamy et al. (2014) suggests little or no
widening of the outflow cavity after Class 0 (Tyo; = 70 K). Our
ALMA data also shows the widening of opening angles slows
down for sources with T, > 100 K. Velusamy et al. (2014)’s
result is consistent with the power-law index derived from our
fit (0.10 £ 0.19).

Our results indicate that the widening of the outflow cavity
slows down in Class I and flat-spectrum sources as shown in
Figure 11. For Class I and flat-spectrum sources, it is unclear
whether or not the opening angle continues to (slightly)
increase due to the large uncertainty in the fit. We conducted a
Spearman rank-order test and a Pearson correlation test for the
entire sample. We found that the correlation coefficients are
0.49 and 0.44 with p-values of 0.04 and 0.07, respectively. As
for the more evolved sources (T}, = 100 K), we found a weak
correlation with correlation coefficients of 0.40 and 0.20 and p-
values of 0.29 and 0.60 for both tests. For the younger sources
(Tyo1 < 100 K), there is a strong positive relationship with
correlation coefficients of 0.84 and 0.86 and p-values of 0.004
and 0.003, respectively. The statistical tests show a strong
correlation between outflow opening angles and bolometric
luminosity for the younger sources. The large p-values for the
evolved sources are mostly due to the large scatter in the
measurements. A larger sample is needed to determine whether
the flattening in the opening angle-T;,, relation for evolved
sources (Tyo = 100 K) is real or due to a lack of fully mapped
outflows at these later stages of protostellar evolution.

The flattening of slope for the outflow opening angles found
by Velusamy et al. (2014) is consistent with a recent study
using Hubble Space Telescope (HST) NIR scattered light
images of 30 protostars, which shows no widening of the
outflow cavities in protostars (Habel et al. 2021). They also find
evolved protostars with narrow cavities. The results from this
HST study may partially be attributed to the infrared scattered
light tracing a potentially narrower range of protostar ages with
similar envelope optical depth (the sample is strongly
dominated by Class I sources). High optical depths in the
envelopes of younger more embedded sources (i.e., Class 0
sources) reduce the number of infrared photons illuminating the
outflow cavity. Similarly, if the density of the outflow cavity is
too low (e.g., flat-spectrum sources), it would also make it more
difficult to scatter infrared photons. This could introduce a bias
in the sample of the IR studies, which results in the flattening or
lack of trend found in the evolution of outflow opening angles.

The flattening of the outflow opening angle as protostars
evolve might be partially attributed to the method used in
inclination angle correction. The slope of the outflow opening
angle versus bolometric temperature is shallower when an
inclination angle correction is applied. Our inclination correc-
tion for the outflow opening angle is based on a simple conical

2.03 + 0.05log (%) Thol > 82 K.

12)
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Figure 15. Evolution of the outflow curvature (Cy) from the wide-angle wind
model. The orange points denote literature values from Oya et al. (2018), which
are also included in the fit. The thin-dashed green line represents a power-law
fit of all the data described by equation y = 10°x™, with m = —1.12 £ 0.38 and
¢ =3.30 £ 0.64. The two thick gray lines represent the broken power-law fits
with a break at Ty, = 100 K. For Ty < 100K, m = —1.30+ 0.72, and
¢=3.59 £ 1.20; Tyo1 > 100 K, m = —0.62 £ 0.20, and ¢ = 2.29 £ 0.44. Out-
flow curvature is an alternative way to quantify the outflow width. It is not
affected by the source inclination angle and no inclination correction is needed.

outflow projection model. To test whether or not the flattening
of the outflow opening angle is due to our inclination correction
prescription, we measured the outflow curvature, an alternative
way to quantify the outflow width, by fitting the wide-angle
wind model to the outflows in our sample. Opening angles
derived by using the curvature of the parabolic outflow shell
from the wide-angle wind model are not affected by inclination
angle, and no inclination correction is needed (Oya et al. 2018).
We modeled the position—velocity (PV) diagrams perpend-
icular and parallel to each protostellar outflow and compare
them with wide-angle wind models. The detailed modeling is
described in Appendix B, and an example is shown in
Figure 19. The parameters of the best wide-angle wind models
for each source are summarized in Table 6.

In Figure 15, we plot the evolution of outflow curvature
(outflow curvature versus outflow source bolometric temper-
ature). The green line represents the best power-law fit through
all the data points, including the literature values from Oya
et al. (2018). The two thick gray lines represent the broken
power-law fits with a break at T, = 100 K. For Ty < 100 K,
m=-130+0.72, and c¢=3.59+1.20;for Ty, > 100K,
m=-—0.62+0.20, and ¢=229+0.44. We see a clear
flattening of outflow curvature for more evolved sources, as
shown in Figure 11. The agreement of outflow curvature from
the wide-angle wind modeling, which is not affected by the
inclination angle, and the outflow opening angle derived from
integrated intensity maps suggests that the flattening trend is
not an artifact introduced by our inclination correction.

In addition, different methods of measuring the protostellar
outflow cavity can result in different opening angles. For
example, Habel et al. (2021) used an edge detection technique
combined with power-law fits to determine the opening angle
and cavity volume. The cavity half-opening angle is defined at
an envelope radius of 8000 au. Adopting a different radius
would change the values of the opening angles. While the
absolute values of opening angles are dependent on the
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methods, samples using the same method should result in the
same trend. Studies comparing different methods in determin-
ing the outflow cavity opening angles, similar to the study by
van der Marel et al. (2013), which compared outflow
momentum rates using different techniques, are needed to
establish the scaling relationships between each method.

In Section 5.2 we showed that outflow rates depend on the
bolometric luminosity of the source, and thus it is preferable
that sources in a sample have a narrow range of Ly to detect
evolutionary trends. Bolometric luminosity is a commonly used
proxy for protostellar mass (e.g., Scandariato et al. 2012). It is
still an open question whether the opening angle evolves
differently for low-mass and high-mass stars or sources with
vastly different values of L,,;. However, Habel et al. (2021) did
not find any clear trend of outflow opening angles versus
bolometric luminosity (L) over a sample range of 4 orders of
magnitude in Ly

To investigate how the evolution of the outflow opening
angle might depend on the protostellar mass, one place to look
is by comparing our results to those obtained for low-
luminosity objects (LLOs). The Canada—France—Hawaii Tele-
scope K-band study of the opening angle using 12 LLOs, with
luminosity ranges of 0.1L. < Li, < 0.2L., shows a steeper
power-law slope than our study (Hsieh et al. 2017):

log (ﬂ) = (—1.42 £+ 0.39) + (1.64 + 0.21)log (h)
deg K

13)

The bolometric luminosity is composed of both internal and
external luminosity (Lyo; = Line + Lexy), Where the external
luminosity (L.y) is due to the heating of the envelope by the
external, interstellar radiation field and is on the order of few
tenths of L (Dunham et al. 2008). For our study, the ranges of
Ly within the first and third quartiles are 0.58L. <
Lo < 3.82L.

LLOs can be low-mass protostars, extremely young proto-
stars, or protostars in a quiescent phase of episodic accretion
(Schwarz et al. 2012; Dunham et al. 2014; Jgrgensen et al.
2015; Kim et al. 2016). Recent observations have shown two
wind components, a collimated jet, and a wide-angle disk wind,
coexist in protostellar outflows (e.g., Lee et al. 2021). At an
early stage, due to the high column density of the dense
envelope, only the collimated jet component can break out,
forming the jet-like outflows seen in Class 0 sources. As the
envelope dissipates and accretes toward the central star-disk
system over time, the wide-angle wind component starts to
break out causing the outflow cavity to widen (e.g., Arce &
Sargent 2006). LLOs tend to drive much weaker outflows, and
low luminosity can generally be attributed to a low accretion
rate (Hsieh et al. 2017). The envelope mass strongly correlates
with bolometric luminosity Me,, o< LS (Duarte-Cabral et al.
2013). Thus, the selection of LLOs systematically favors
systems with less envelope mass. In systems with significantly
lower envelope mass, the wide-angle wind component could
break out more easily, causing the outflow cavity to widen at a
much earlier phase resulting in a much faster widening rate of
the outflow cavity compared to higher luminosity sources. The
larger power-law index found by Hsieh et al. (2017) in their
low-luminosity sample compared to the index found in our
study (see Figure 11) may be caused by the rapid widening of
the outflow cavity in LLOs.
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Alternatively, it is possible that in these systems, the rapid
widening of outflow cavities accelerates the removal of core
gas resulting in a much lower envelope density, lower accretion
rate, and eventually lower bolometric luminosity. If that is the
case, the rapid widening of outflow cavities in LLOs would be
the cause rather than the result of gas dispersal in LLOs.

5.5. Evolution of Outflow Momentum and Energy Opening
Angles

The study of outflow cavity walls (as discussed above) has
usually been conducted by measuring the outflow opening
angle based on (integrated) intensity maps of CO or IR
emission, which we henceforth refer to it as the conventional
outflow opening angle. The conventional outflow opening
angle has been widely used as an indicator of how much
material is impacted or cleared by the outflow and to determine
whether or not the outflow—core interaction is responsible for
the low-star formation efficiency (e.g., Arce & Sargent 2006;
Velusamy et al. 2014; Hsieh et al. 2017; Habel et al. 2021).
While intensity maps likely trace the distribution of matter and
the size of the outflow cavity, the velocity information, which
is crucial for the outflow—core interaction, is missing from this
picture. To capture the dynamics of outflow—core interaction
and fold in the velocity information, we investigate two new
quantities: the outflow momentum (P,,) opening angle, and
the outflow kinetic energy (E,,) opening angle. Comparing
these quantities for sources at different evolutionary stages
allows us to quantitatively study how the angular distribution
of outflow momentum and energy evolves.

The least-squares fits'” to the momentum and energy
opening angle as a function of Ty are

log (&) = (0.79 £ 0.35) + (0.49 £+ 0.16)log (h),
deg K
(14)
log (&) = (0.81 £ 0.38) + (0.49 £ 0.17)log (@)
deg K
15)

Similar to the conventional opening angle, we find a clear trend
in which the momentum and energy opening angles increase as
protostars evolve. The trend appears to flatten for more evolved
sources as shown in black lines in Figure 12. However, if we
take out HOPS 166, the source with the highest bolometric
luminosity and the highest C'®0 core mass, both the
momentum and energy opening angles would not show signs
of flattening. More later-stage Class I and flat-spectrum sources
are needed to determine whether the P, and E,, opening
angles continue to increase or flatten at later protostellar
evolutionary stages.

Comparing the momentum and energy opening angles with
the conventional outflow opening angles shows that typically
the outflow momentum and energy opening angles are around

17 These are not weighted fits. The error bars in Figure 12 show the uncertainty
of the Gaussian fits to the angular profile of the outflows’” momentum and
energy, used to quantify the width of these quantities. The uncertainties
represent the range of possible values for the opening angles and arise from the
deviation of the measured angular profile from a Gaussian function. They are
not due to random errors. Therefore, we do not use them as weights for our
power-law fits.
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10°-20° smaller than the conventional opening angle, espe-
cially in Class 0 sources (see Appendix G). The much narrower
momentum and energy outflow opening angles in Class 0
sources show that P, and E,, are concentrated in collimated
jets at these early stages. As sources evolve, the outflow
momentum and energy are transferred to the surrounding
medium at a wider range of angles, resulting in a much steeper
slope (Figure 12) as compared to the conventional outflow
opening angle measured from integrated intensity maps.

The most important consequence of narrower momentum
and energy opening angles in Class 0 is that this indicates that
the amount of gas entrainment is less in Class 0 sources as
compared to Class I sources. The extremely collimated nature
of outflows from Class 0 sources suggests these young
outflows only impact a limited volume inside a protostellar
core. Our results from Section 4.1.5 indicate that outflows from
Class I show, on average, higher mass outflow rates than those
from Class 0 sources (see Figure 9). This supports the idea that
Class I outflows entrain more mass from the surrounding
environment than younger sources. This is consistent with
Figure 13, which shows that the angular width of momentum
and energy profile with respect to the outflow axis increases for
more evolved sources.

Studying the evolution of outflow opening angle or cavity size
identified using integrated intensity maps in '*CO (e.g., Arce &
Sargent 2006), or infrared scattered light (e.g., Tobin et al. 2007;
Seale & Looney 2008; Habel et al. 2021) has been one of the
main techniques used to understand the feedback of outflows in
halting accretion, dispersing the core and reducing the star
formation rate in the past two decades. The outflow opening angle
has been used to estimate the volume and mass affected by the
outflow. To study the outflow—core interactions and determine
feedback from outflows on core-to-star efficiency, one should also
study the momentum or energy opening angles, which incorporate
the velocity information. The evolution of the angular distribution
of P, and E,, is an important complement to the conventional
outflow opening angles in determining how much core material is
impacted by protostellar winds.

5.6. Theoretical Angular Distribution of Momentum

The momentum angular distribution of winds launched by
protostar-disk systems has been studied theoretically, but
observational studies on this topic have been scarce. Matzner
& McKee (1999) indicate that for any hydromagnetic
protostellar wind the normalized angular distribution of the
wind momentum can be described with the following equation:

—1
(0, o) = [m(el)(smw + 93)] , (16)
0

where 6 is the polar angle measured from the protostar’s rotation
axis, and 6 is the parameter that quantifies the angular width of
the momentum profile. This equation describes the momentum
angular distribution of the protostellar wind directly ejected from
the central star-disk system. However, in the observation we
measure the momentum of the molecular outflow, which is the
entrained gas. The outflow entrainment mechanism (i.e., the
wind—cloud interaction that produces the observed molecular
outflow) is expected to be a momentum-conserving interaction,
and therefore if the launched wind’s axis does not change with
time, then we would expect the molecular outflow momentum
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Figure 16. Normalized average outflow momentum angular profile for Class O protostars with no sign of outflow precession. The left figure shows the total (average)
momentum profile (includes molecular outflow emission at all outflow velocities), and the right figure shows the average momentum profile for the high-velocity jets
(HOPS 10 and HOPS 164) identified in Figure 8. The red-dashed line shows the best fit using the theoretical model from Equation (16). All angular profiles have been

corrected for the outflows’ inclination.

profile to be similar to that of the protostellar wind. For highly
embedded, young protostars (i.e., Class O sources) there is still
enough material throughout the envelope that the entrained
material should trace well the wind momentum. Thus, the
momentum angular profile of molecular outflows from Class 0
sources with no clear axis wandering (i.e., no change in outflow
axis direction), should trace reasonably well the momentum
angular distribution of the underlying protostellar wind.

In Figure 16 we compare the observed molecular outflow
momentum angular distribution with the distribution predicted by
Matzner & McKee (1999). In the left panel of Figure 16, we show
a fit to the average angular distribution of molecular outflow
momentum from Class 0 outflows with the generalized radial
hydromagnetic wind profile (Equation (16)). When constructing
this plot we exclude the outflows from HOPS 11 and HOPS 169
as they show signs of precession, and the outflow from HOPS 408
because it is barely resolved. In the right panel of Figure 16, we
show only the average outflow momentum profile for the high-
velocity jet component from HOPS 10 and HOPS 164 (the two
non-precessing Class 0 outflows with clear jets, see Figure 8). The
average angular momentum profile is clearly more collimated in
the jet component (with a 6y =0.04) compared to the profile
obtained when considering all molecular outflow emissions at all
velocities (6 ~ 0.2).

Matzner & McKee (1999) proposed that the momentum
distribution in protostellar winds should be strongly collimated
with a 6y < 0.05 resulting in an extremely peaked profile with the
majority of the momentum concentrated along the outflow axis.
This is consistent with our Class 0 high-velocity molecular jet
momentum profile. However, when including the low-velocity
molecular component, the momentum profile is significantly wider.

We may interpret these results in various ways. One possible
interpretation is that (non-precessing) jet-like prostellar winds
can produce a much wider molecular outflow, even if the
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original wind has a very narrow momentum angular distribution
and without the aid of another (much wider) wind component.
This could be produced, for example, by the sideways ejection of
material by a series of internal working surfaces (Raga et al.
1993), turbulent mixing of the jet and a turbulent envelope
(Offner & Chaban 2017), or the expanding shell driven by a
pulsed jet in a stratified core (Rabenanahary et al. 2022).

Another possible interpretation is that if we assume that
molecular outflows are solely produced by the direct (momentum-
conversing) interaction between the underlying jet and surrounding
envelope (and no other mechanism like those described above can
produce a wider outflow), then the momentum angular distribution
of the underlying jet should be significantly wider (i.e., 6y ~ 0.2)
than what was proposed by Matzner & McKee (1999) and what is
usually used in simulations (e.g., Cunningham et al. 2011; Offner
& Chaban 2017). However, Offner & Arce (2014) ran various
simulations of the protostellar outflow evolution and gas
entrainment in a core using different values of 6, and found that
even highly collimated outflows can entrain a significant amount
of core gas and produce relatively wide molecular outflows. Yet, in
that study, the wide outflow cavities are likely partially caused by
the change in the outflow axis seen in the simulations. In making
the plots shown in Figure 16 we only used outflows that exhibit a
constant outflow axis direction, in order to exclude any possible
molecular outflow widening due to a wandering jet (as seen in the
models by, e.g., Masson & Chernin 1993; Rosen & Smith 2004).
Thus, comparing our results with those of simulation with jets with
a time-varying axis direction is not a fair comparison.

Yet another possible interpretation of our results is that there
exist two wind components; a very collimated jet-like wind (e.g.,
Shu et al. 2000) and a wider (likely disk-driven) wind (e.g.,
Konigl & Pudritz 2000). In such a scenario, the (slower) wide-
angle parts of the molecular outflow are driven by a disk wind,
while the more collimated (high-velocity) component is driven
by a jet-like wind. A thorough comparison of our sample of
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protostellar molecular outflows with different wind and entrain-
ment models is needed in order to determine which of the
scenarios described above is the most consistent with our data.

6. Conclusions

This paper has presented ALMA multiline observations of the
protostellar environment around 21 protostars at different evolu-
tionary stages. In short, the results can be summarized as follows:

1. We argue that the widely used method of estimating outflow
rates using a single dynamical time, obtained by dividing a
characteristic length by a characteristic velocity, is unreli-
able. To better estimate outflow properties and their impact
on their surrounding, we devised the PFT technique and
modified the annulus method developed by Bontemps et al.
(1996) to measure outflow mass, momentum, and energy
ejection rates. The PFT technique allows us to compute
two-dimensional molecular outflow instantaneous rate maps
for the first time. Instead of a single rate value obtained by
previous methods, these maps contain spatial information
on how the molecular outflow mass, momentum, and
energy rates vary within the outflow cavity.

2. On average, molecular outflows from Class O sources
have significantly higher momentum and energy ejection
rates than those of more evolved protostars. However,
molecular outflows from Class I sources have, on
average, a 60% higher outflow mass rate compared to
their Class O counterpart. This higher molecular outflow
rate is partly due to the larger molecular outflow volume.
Our results suggest that the dissipation of protostellar
cores starts when a Class O protostar quickly opens up a
hole with a high-velocity collimated jet. Then, in the
Class I phase the molecular outflow cavity widens and a
larger volume of core gas is impacted by the outflow.

3. We find that by the end of the protostellar phase, a typical
low-mass protostar will displace approximately 2—4 M, of
mass from the surrounding envelope. Similarly, we expect
molecular outflows to inject a total momentum and energy
of about 11-22 M, km s~ " and about 4-8 x 10* erg into
their natal cores by the end of the protostellar phase.
Adopting the lifetimes for the different protostellar
evolutionary phase from Dunham et al. (2015), our results
indicate that the mass removed by outflows from Class 0,
Class I, and flat-spectrum sources are 40%—-80%, 300%—
600%, and 40%—150% of the (current) average estimated
core mass, respectively. Thus, the total mass removed by
outflows throughout the protostellar stage is comparable to
or larger than the current protostellar core mass. This
strongly suggests that the mass budget of protostellar cores
is continuously replenished by accretion from cloud gas at
larger scales. The high-mass loss from protostellar
outflows poses serious challenges to the current concept
of cores as the primary reservoir of stellar mass, and thus
has strong implications for the origin of the IMF, and the
simplified core-to-star conversion scenario.

4. The results from our study of 21 protostellar outflows at
different evolutionary stages show that consistent with
previous studies, the molecular outflow opening angle
increases with the protostellar evolutionary phase, as
traced by the bolometric temperature (7). The rate at
which the opening angle widens the decline significantly
for more evolved sources (7o = 100 K), compared to
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younger (Class 0) sources. Yet, more outflows from more
evolved protostars are needed to confirm the observed
trend for Class I and flat-spectrum protostars.

5. To study the effect of outflow—core interactions, we
introduced two new quantities, the outflow momentum
opening angle and the outflow energy opening angle, which
quantify the angular profile of outflow momentum and
energy. Our results show steeper slopes in the momentum
and energy opening angles versus Ty, plots compared to that
of the traditional opening angle. This indicates that the
outflow momentum and energy are considerably more
collimated (i.e., concentrated toward the outflow axis) in the
Class 0 phase than at later evolutionary stages. The evolution
of the angular distribution of the outflow momentum and
energy is an important complement to the traditional opening
angles in determining the volume fraction of the surrounding
envelope impacted by molecular outflows.

6. Comparing the results of recent molecular outflow surveys in
Orion with our results indicates that molecular outflow rates
significantly depend on the protostellar bolometric luminos-
ity. The strong dependence on bolometric luminosity
suggests that protostellar outflow feedback varies signifi-
cantly depending on protostellar mass or accretion rate.

7. We find that in Class 0 molecular outflows, the collimated
high-velocity component has a narrow momentum angular
distribution consistent with that expected for hydromagnetic
winds. However, the average molecular outflow momentum
angular distribution is significantly wider when including the
molecular outflow emission at all velocities. We argue that
this could be interpreted in various ways. One possibility is
that highly collimated winds may be able to produce
molecular outflows that are much wider than the driving jet.
On the other hand, it may be that the original (driving) wind
is wider than the collimated jets generally assumed in
simulations. Yet another possibility is that two coexisting
wind components (one jet-like and the other a wide-angle
wind) entrain the surrounding core gas to produce the
observed molecular outflow. Further comparison between
molecular outflow observations and wind entrainment
models is needed to determine which of these scenarios
describes best the data.
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Appendix A
Cloud Subtraction

TP array data is sensitive to large-scale emission and is crucial to recover the outflow mass. However, while it recovers the large-
scale outflow emission it also picks up the cloud emission. Even though we tried to avoid including cloud emission by not including
velocity channels in the outflow maps that were close to the cloud velocity, there were several sources in which emission from the
parent cloud (or extended contaminating CO emission at different velocities) could not be avoided even at velocities more than 1
km s~ away from the parent cloud velocity. Therefore, we developed cloud subtraction routines for the RM and the PTF technique
as shown in Figures 17 and 18, respectively.

The upper left panel of Figure 17 shows the '*CO integrated intensity map of the redshifted lobe of the HOPS 135 outflow, which
clearly shows large-scale cloud emission. To avoid contamination from cloud emission in the estimation of outflow parameters using
the RM, we first estimate the averaged background per pixel inside the ring mask, but outside the outflow mask (as shown in the
upper right panel of Figure 17). For tracers with cloud contamination, we subtracted the background cloud spectrum from the outflow
spectrum, as shown in the lower panels of Figure 17. We then use the background-subtracted data to construct the mass spectrum
inside the rings to estimate the molecular outflow rates.

As for the PFT technique, the mass spectrum is calculated for each individual pixel (instead of using rings). Hence, we adopted a
slightly different method for the background subtraction as shown in Figure 18. We first obtained the averaged profile for the quantity
of interest as a function of distance from the central protostar perpendicular to the outflow direction. To avoid subtracting outflow
emission near the protostar, we set the background value in the inner region (<1050 au) to a constant as shown in Figure 18, the
upper plot. We rotate the radial profile to create a 2D background map (see the lower middle panel of Figure 18). Then we subtracted
out the background to get rid of the large-scale cloud emission (see the lower right panel of Figure 18).
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Figure 17. Subtraction of cloud emission using the RM for HOPS 135. The redshifted outflow lobe sits on top of the cloud shown in '*CO momentum 0 (upper left
panel). We measure the background emission in a ring outside the outflow mask as shown in the upper right panel. For each of the rings at different distances from the
source, we measured its corresponding background. For tracers with cloud contamination, we subtracted the background cloud spectrum from the spectrum obtained
over the area covered by the outflow (lobe) mask, as shown in the bottom three panels. In the bottom right panel, the “outflow” label represents the background-
subtracted column density spectrum.
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Figure 18. Cloud subtraction method for the PFT technique. In this example, we show (in the upper left panel) the uncorrected outflow mass map for HOPS 10, This
clearly shows background cloud emission not associated with the outflow. We measure the background emission as a function of distance from the central protostar
(perpendicular to the outflow direction), as shown in the upper panel. The orange and blue lines represent the left side and the right side of the background emission
profile from the protostar. We set the central region (<1050 au) of the profile to constant to avoid subtracting outflow emission near the protostar. We used the radial
profile to generate a two-dimensional background map (upper middle panel). We then subtract the background map to remove the cloud contamination, resulting in the
background-subtracted map (upper right panel).

Appendix B
Outflow Inclination Properties and Wide-angle Wind Modeling

In this section, we compared the inclination angle derived from the wide-angle wind modeling to the inclination angle derived
from the disk major-to-minor axis ratio. The inclination angles derived from both methods are shown in Table 5.

We obtain the outflow inclination angle by fitting a wide-angle wind model (Li & Shu 1996; Lee et al. 2000). The wide-angle wind
model has been used by others to estimate the inclination angle (and other properties) of observed molecular outflows (e.g., Hirano
et al. 2010; Arce et al. 2013; Yen et al. 2017). In this model, the entrained material can be described by a parabolic shell with an
expansion velocity analogous to the Hubble law. Many of the outflows from Class I sources (and some from flat-spectrum sources)
show parabolic-like cavities similar to those expected from the wide-angle wind model. On the other hand, this wide-angle wind
model may not be appropriate for modeling molecular outflows from Class 0 sources, as they are typically very collimated, and show
a jet-like morphology (especially at high velocities). However, some of these Class 0 outflows also exhibit wider outflow cavities at
low velocities (e.g., HOPS 10, HOPS 198). Hence, modeling these outflow cavity walls with a wide-angle wind model can provide
an estimate of the outflow inclination angle.

The wide-angle wind model of Lee et al. (2000) can be described by three independent parameters: ¢, vy, and i. Considering z is
the outflow direction, and R is the radial distance from the outflow center, then a cylindrical symmetric parabolic shell surface can be
described by

7= coR?, (B1)
and the corresponding velocity follows
v, = Voz, (B2)
Vv, = Vor, (B3)
vg = 0. (B4)

Figure 19 outlines the basic steps for fitting the wide-angle wind model to constrain the outflow inclination. We start with creating an
outflow mask from the '*CO integrated intensity (moment 0) map. The outflow mask is used to isolate the outflow from the surroundings
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Figure 19. Method for constraining the outflow inclination angle by fitting a wide-angle wind model. The example shown here uses the outflow from HOPS 130.

Table 5
Outflow Inclination Angles
Source Outflow Inclination Disk Disk Disk Outflow Inclination
from Wide-angle Wind Major Axis Minor Axis Minor-to-Major Derived from
Model Fit (deg) (arcseconds)® (arcseconds)® Axis Ratio Disk (deg)

HOPS 10 40 0”14 0”07 0.50 60
HOPS 11 45 0713 0712 0.92 23
HOPS 13 50 0”19 0”09 0.47 62
HOPS 127 25 0705 0703 0.60 53
HOPS 129 20 0”10 0”06 0.60 53
HOPS 130 25 0746 0”15 0.33 71
HOPS 134 45 0”06 0”05 0.83 34
HOPS 135 35 0”11 0”06 0.55 57
HOPS 150B 25 0703 0”07 0.78 39
HOPS 157 20 0753 0”46 0.87 30
HOPS 164 55 (blue)/25 (red) 0722 0”14 0.64 50
HOPS 166 20 0”16 0”15 0.94 20
HOPS 169 70 0717 0”13 0.77 40
HOPS 177 30 0”19 0703 0.16 81°¢
HOPS 185 30° 0727 0”10 0.37 68
HOPS 191 30 0705 0702 0.41 66
HOPS 194 20 0”19 0”17 0.89 27
HOPS 198 25° 0741 0”07 0.17 30
HOPS 200 NA 0746 0”16 0.35 70
HOPS 355 45 0708 0”07 0.88 29
HOPS 408 70 0728 0724 0.88 59
Notes.

4 Deconvolved sizes from ALMA 0.87 mm continuum data published by Tobin et al. (2020).

b Suspicious results. The derived inclination angle is very different compared to the expected value from the molecular outflow morphology (Figure 2).

€ As described in 4.1.4, we believe this estimate of the inclination angle is wrong because the continuum image for this source has a poor S/N. We instead use the
mean inclination angle from a random uniform distribution of outflow orientations on the sky (57°3) for this source.

and fit the outflow lobe morphology to the model. Then we applied the wide-angle wind model to constrain the pair solutions for ¢ and i
for each lobe (redshifted and blueshifted lobes). The parabola should fit the edge of the outflow mask. For every 5° of inclination angle,
from 0° to 180°, we search for the best solutions for c. In total, we obtained 36 pairs of solutions (for parameters cq and i).

Then for each pair of ¢y and i solution, we run different wide-angle wind models with a different characteristic velocity (vo) using
0.3,0.5,1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0,5.5, and 6.0 km s '.In total, we produced 468 models to compare with the 2copv
diagram along the outflow axis. The central panel in Figure 19 shows the residual plot with red (value of 1) representing the data, and
blue (value of —1) representing the wide-angle wind model. We eliminate solutions with large residuals in the PV diagram. After
reducing the number of solutions, we used the remaining solutions (with parameters cy, i, and vy) to compare with the PV
perpendicular to the outflow. For the wide-angle wind model, the PV diagram perpendicular to the outflow axis is an ellipse. By
matching the ellipse with the observational data, we can constrain the inclination angle of the outflow axis (with respect to the line of
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Table 6
Parameters for the Best Outflow Wide-angle Wind Model for Each Source

Source

i Co Vo
(deg) (10"*au™ 10*kms™)
HOPS 10 40 40.3 (blue)/ 37.5
10.8 (red)
HOPS 11 45 6.2 12.5
HOPS 13 50 25.0° 7.5
HOPS 127 25 13.9 (blue)/ 25.0
10.4 (red)
HOPS 129 20 4.3 (blue)/ 12.5 (blue)/
8.6 (red) 7.5 (red)
HOPS 130 25 7.0 (blue)/ 12.5
10.4 (red)
HOPS 134 45 4.2 12.5
HOPS 135 35 12.8 12.5
HOPS 150B 25 52.2¢ 7.5
HOPS 157 20 64.5 37.5
HOPS 164 55 (blue)/ 45.2 (blue)/ 25.0 (blue)/
25 (red) 80.0 (red) 7.5 (red)
HOPS 166 20 4.3 7.5
HOPS 169 70 40.7 12.5
HOPS 177 30 5.9 7.5
HOPS 185 30¢ 5.9 (blue)/ 25.0
8.8 (red)
HOPS 191 30 8.8 (blue)/ 12.5
5.9 (red)
HOPS 194 20 4.3 12.5 (blue)/
7.5 (red)
HOPS 198 254 10.4 (blue)/ 25.0
45.2 (red)
HOPS 200 NA NA NA
HOPS 355 45 27.0 12.5
HOPS 408 70 20.3 25.0
Notes.

 The uncertainty for cq is 0.74/sin(i) x 10~ au !,

b The values are either 7.5, 12.5, 25.0, or 37.5 10~ km s~ because these are the values for the grid parameter search. The uncertainty for vy is half the interval

between the values evaluated by the model. For 7.5 x 0 *kms~ ', the uncertainty is £3.8 X 10~* km s", for all other values the uncertainty is 6.3 x 10" kms™".

¢ Unreliable results, poorly constrained.
d Suspicious results. The derived inclination angle is very different compared to the expected value from the molecular outflow morphology (Figure 2).

sight) as shown for HOPS 130 in Figure 19. The resulting estimated inclinations are shown in Table 5 with 0° being pole-on and 90°
being an edge-on system. The parameters for the best wide-angle wind model for each source are shown in Table 6. Note that we
divide the ¢y and v, by the source distance of 400 pc to convert the values in the unit of au instead of arcseconds.

In Figure 20 we plot the distribution of the difference in inclination values derived using two different methods: the outflow wide-
angle wind fitting method and the disk continuum method. For the disk continuum method, the inclination angle can be derived by
using the disk major-to-minor axis ratio and assuming the protostellar outflows are perpendicular to the disk plane. While there is a
large dispersion in Figure 20, the distribution peaks at 10 ~20° and shows that in general both methods are consistent with each
other. For the vast majority of sources, the estimated i from the two methods are different within 35°, and only three sources (i.e.,
14% of the sample) show differences in the estimate of i of 45° or more. The small difference between the two methods might be
partially explained by the assumption of a thin disk for the disk minor-to-major axis ratio method. Due to the disk thickness, the
method cannot fully recover edge-on disk systems (small outflow inclination angles). Even so, the inclination angle derived from the
high-resolution disk continuum is a likely more accurate estimate than that derived using the wide-angle wind model because it
involves significantly fewer assumptions. Moreover, it is likely that not all molecular outflows are entrained by a wide-angle wind
(the main assumptions when using the wide-angle wind model). In particular, many of our Class O outflows are jet-like and deviate
from the parabolic shell structure expected in outflows driven by the wide-angle winds.

We also compare our results to the disk inclination angle derived through the modeling of the SED of protostars by Furlan et al.
(2016). We find that the distribution of the derived inclination angle difference is completely random. This strongly suggests that the
disk inclination angle from SED modeling is not reliable, and should not be used in determining disk and outflow inclination angles.
Alternatively, machine-learning approaches may be used to predict both the plane-of-sky orientation and line-of-sight outflow
inclination from CO spectral data (Xu et al. 2022b).
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Figure 20. Histogram of inclination angle differences between those derived from the wide-angle wind model fit to the inclinations derived from the disk minor-to-
major axis ratio.

Appendix C
Molecular Outflow Mass, Momentum, and Energy Velocity Range Information

In this section, we show the velocity range used for constructing the molecular outflow mass, momentum, and energy spectrum.
An example of an outflow mass spectrum constructed from CO, '>CO, and C'®0 is shown in Figure 5. The velocity range used for
constructing the molecular outmass, momentum, and energy spectrum are shown in Table 7.

Table 7
Velocity Ranges for Constructing Outflow Mass, Momentum, and Energy Spectra
Blueshifted Redshifted
Source >co co c"®o c®o co ?co
(kms™") (kms™") (kms™") (kms™") (kms™") (kms™")
HOPS 10 v< 752 752 <v<7.76 NA NA 9.58 <v<9.74 974 L v
HOPS 11 v<5.88 588 <v<6.68 6.68 <v<7.10 8.50 <v<10.33 1033 <v< 1112 1112 <y
HOPS 13 v <5.02 5.02<v<558 5.58 <v<5.66 NA NA NA
HOPS 127 v<3.27 327<v<375 NA 5.02<v<5.65 5.65<v<6.84 6.84 <v
HOPS 129 v <252 252<v<284 284 <v<292 NA NA NA
292 <v<3.07
HOPS 130 v <245 NA NA NA NA NA
HOPS 134 NA NA NA NA 6.93 <v<7.80 780 < v
HOPS 135 v <3.20 320 <v<3.68 3.68 <v<439 495 <v<5.20 520 <v <630 630 <y
HOPS 150 v<3.28 328 <v<3.62 3.62<v<3.68 NA NA NA
HOPS 157 v < 3.64 4.64 <v<475 NA NA 6.64 <v<9.28 928 < v
HOPS 164 v<4.61 461 <v<492 492 <v<5.09 NA 6.58 <v<6.83 6.83<v
HOPS 166 v <585 NA NA NA 10.05 < v < 12.05 1205 < v
HOPS 169 v <295 295 <v <596 5.96 <v<6.67 747 <v<842 9.58 <v<9.62 9.62<v
HOPS 177 v<6.78 6.78 < v <837 NA NA 9,40 <v<9.96 9.96 < v
HOPS 185 v <638 6.38 <v<6.61 6.61 <v<694 NA NA 9.87<v
HOPS 191 v < 7.64 NA NA NA NA 105y
HOPS 194 NA NA NA NA NA 9.85<v
HOPS 198 v<4.72 472 <v <479 479 <v<4.88 NA NA 599 <v<6.54
1051 < v
HOPS 200 v < 6.59 6.59 < v <6.66 6.66 <v<775 NA NA NA
HOPS 355 v <4.89 6.05<v<6.14 6.14 < v <640 NA NA 10.05 < v
HOPS 408 v <238 238 <v<283 NA 421 <v<6.15 6.15 <v <690 6.90 <v
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Summary of the Sources Excluded for Each Analysis

In this section, we summarize the sources excluded for each analysis and give explanations. The results are summarized in Table 8.

Table 8
Sources Excluded in Each Analysis
Table/
Main Analysis Item Analyzed Figure Sources Excluded Reason
Mass, momen- Radial profile Figure 9 HOPS 408 Outflow is barely resolved.
tum, energy
rates
HOPS 166, HOPS 194 Significantly higher bolometric luminosity and core mass
compared to other sources.
Class average Figure 14, HOPS 408 Outflow is barely resolved.
Tables
3,4
HOPS 166, HOPS 194 Significantly higher bolometric luminosity and core mass
compared to other sources.
Angular profile Outflow momen- Figure 13 HOPS 11 blueshifted lobe Outflow lobe is strongly asymmetric.
tum angular
profile
HOPS 13, HOPS 200 Very messy outflow.
HOPS 134 blueshifted lobe No detection.
HOPS 135 blueshifted lobe Low S/N.
HOPS 177 redshifted lobe Low S/N.
Outflow energy Figure 13 HOPS 11 blueshifted lobe Outflow lobe is strongly asymmetric.
angular profile
HOPS 13, HOPS 200 Very messy outflow.
HOPS 130 redshifted lobe Compact emission, hard to separate out.
HOPS 134 blueshifted lobe No detection.
HOPS 135 blueshifted lobe Low S/N.
HOPS 150 Contaminated by nearby source.
HOPS 157 redshifted lobe Compact emission, hard to separate out.
HOPS 177 redshifted lobe Low S/N.
HOPS 191 redshifted lobe Low S/N.
HOPS 194 Low S/N.
Opening angle Conventional Figure 11 HOPS 408 Outflow is barely resolved.
opening angle
HOPS 150, HOPS 166 Opening angle is ill-defined.
HOPS 194 Poor Gaussian fits to the '2CO data. Outflow opening
angle measured from C'®0 moment 0 map by eye.
Momentum open- Figure 12 HOPS 13, HOPS 134, HOPS 157, HOPS Poor Gaussian fits to the momentum maps.
ing angle 166, HOPS 177, HOPS 194, HOPS 200
Energy opening Figure 12 HOPS 13, HOPS 134, HOPS 157, HOPS Poor Gaussian fits to the energy maps.
angle 191, HOPS 194, HOPS 200
HOPS 150 Contaminated by nearby source.
Outflow curvature Figure 15 HOPS 13, HOPS 150, HOPS 200 Poorly constrained.
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Appendix E
Molecular Outflow Rates

In this section, we report all the measurements of outflow mass (M), momentum (P), and energy (E) ejection rate for both the
redshifted (R) and blueshifted (B) lobes at different radii. We present the outflow rate using all outflow gas in Tables 9-11. For gas

with escape velocity vey > 1 km s~ ', the outflow rates are reported in Tables 12—14. Similarly, for gas with escape velocity voy > 2
1

km s~ ', the outflow rates are reported in Tables 15-17.
Table 9
Molecular Outflow Rates Using All Outflow Gas, within 2380~3740 au and 3749~5100 au Away from the Source
2380~3740 au 3740~5100 au
Source MB a MR a PR b PB b ER ¢ EB ¢ MB a MR é PR b PB o ER ¢ EB ¢
HOPS 10 1.46 3.11 5.14 71.73 5.78E+41 4.75E+43 1.79 2.93 10.54 68.68 1.79E+42 4.94E+43
HOPS 10 no jet 1.46 2.67 5.14 30.38 5.78E+41 8.30E+42 1.79 2.48 10.54 25.07 1.79E+42 6.49E+42
HOPS 11 1.70 4.30 7.66 26.69 8.19E+41 4.08E+42 2.29 543 11.06 39.39 1.24E+42 7.64E+42
HOPS 11 no jet 1.62 3.94 5.73 17.14 3.58E+41 1.51E+42 2.04 4.99 6.51 24.93 3.52E+41 2.74E+42
HOPS 164 1.76 2.95 10.23 20.82 2.61E+42 1.00E+43 1.34 3.17 9.01 28.17 2.78E+42 1.44E+43
HOPS 164 no jet 1.63 2.75 5.01 8.18 2.22E+41 6.44E+41 1.22 2.81 3.90 7.49 1.87E+41 4.58E+41
HOPS 169 3.79 2.30 24.99 15.18 3.09E+42 2.02E+42 3.11 2.13 17.75 18.24 1.82E+42 2.44E+42
HOPS 198 0.46 3.01 5.31 22.22 8.27E+41 4.62E+42 0.31 1.56 3.85 28.58 6.08E+41 1.25E+43
HOPS 355 0.22 0.05 0.50 0.36 2.13E4+40 2.76E+40 0.17 0.06 0.43 0.46 2.16E+40 3.87E+40
HOPS 408 NA NA NA NA NA NA NA NA NA NA NA NA
HOPS 127 0.34 2.37 2.39 6.59 2.81E+41 2.62E+41 0.23 2.42 1.47 6.82 1.55E+41 3.25E+41
HOPS 130 0.71 NA 10.02 NA 1.76E+42 NA 0.48 NA 6.70 NA 1.21E+42 NA
HOP 135 0.19 13.37 0.39 43.09 1.99E+40 1.67E+42 0.19 11.52 0.28 36.11 1.14E+440 1.38E+42
HOPS 157 0.93 NA 2.76 NA 1.93E+41 NA 1.27 NA 4.02 NA 3.38E+41 NA
HOPS 177 7.12 0.74 20.14 1.05 6.43E+41 1.92E+40 5.77 0.79 16.98 1.28 5.68E+41 3.01E+40
HOPS 1385 8.28 0.12 30.95 0.85 2.05E+42 6.29E+40 4.62 0.16 16.25 1.14 6.85E+41 8.25E+40
HOPS 191 0.61 0.06 2.55 0.60 1.47E+41 7.33E+40 0.83 0.02 3.93 0.21 2.62E+41 2.02E+40
HOPS 129 0.90 0.04 1.08 0.02 1.58E+40 1.63E+38 0.70 0.04 0.97 0.03 1.80E+40 1.87E+38
HOPS 134 NA 0.39 NA 1.71 NA 1.32E+41 NA 0.29 NA 0.94 NA 6.31E+40
HOPS 13 1.69 NA 6.34 NA 3.58E+41 NA 1.81 NA 7.98 NA 5.20E+41 NA
HOPS 150 0.31 NA 0.28 NA 6.68E+39 NA 0.15 NA 0.23 NA 6.97E+39 NA
HOPS 166 0.24 2.51 1.36 8.02 9.98E+440 3.93E+41 0.36 1.74 1.78 6.63 9.81E+40 3.90E+41
HOPS 194 NA 0.16 NA 0.50 NA 1.94E+40 NA 0.17 NA 0.50 NA 1.68E+40
HOPS 200 NA NA NA NA NA NA NA NA NA NA NA NA
Notes.
2 In units of M, Myr .
® In units of Mg kms™' Myr .
¢ In units of erg Myr .
Table 10
Molecular Outflow Rates Using All Outflow Gas, within 5100~6460 au and 6460~7820 au Away from the Source
5100~6460 au 6460~7820 au
Source MB a MRu PRb PBb ERC EBC MB a /V.[R'd PRb Pgb ERC EBC
HOPS 10 1.96 3.00 14.87 78.66 3.34E+42 6.40E+43 1.77 2.82 1343 95.12 3.63E+42 7.86E+43
HOPS 10 no jet 1.96 241 14.87 19.39 3.34E+42 3.86E+42 .77 2.08 13.43 20.96 3.63E+42 4.12E+42
HOPS 11 2.24 4.95 10.04 36.55 1.01E+42 6.73E+42 2.05 373 7.74 28.12 5.51E+41 4.85E+42
HOPS 11 no jet 2.05 4.76 6.63 29.34 3.59E+41 3.86E+42 2.05 322 7.74 15.31 5.51E+41 1.27E+442
HOPS 164 0.50 3.22 5.61 29.14 2.58E+42 1.72E+43 NA 2.28 0.02 20.79 4.92E+39 1.29E+43
HOPS 164 no jet 0.40 2.85 1.07 6.55 3.46E+40 1.93E+41 NA 2.03 0.01 4.88 2.28E+38 1.57E+41
HOPS 169 2.54 1.71 16.10 16.66 1.73E+42 2.28E+42 1.48 1.52 10.20 14.62 1.02E+42 1.74E+42
HOPS 198 0.15 1.24 1.50 16.93 1.87E+41 6.50E+42 0.09 0.33 0.74 2.05 7.41E+40 2.85E+41
HOPS 355 0.14 0.05 0.36 0.41 1.54E+40 3.67E+40 0.15 0.04 0.42 0.31 1.65E+40 2.64E+40
HOPS 408 NA NA NA NA NA NA NA NA NA NA NA NA
HOPS 127 0.10 2.35 0.42 6.76 2.91E+40 4.17E+41 0.05 2.23 0.19 5.55 1.01E+40 1.97E+41
HOPS 130 0.21 NA 2.35 NA 3.59E+41 NA 0.10 NA 0.76 NA 8.06E+40 NA
HOP 135 0.11 2.35 0.12 7.21 2.86E+39 2.73E+41 NA NA NA NA NA NA
HOPS 157 0.31 NA 0.45 NA 9.73E+39 NA NA NA NA NA NA NA
HOPS 177 5.31 1.03 16.03 1.67 5.65E+41 4.12E+40 3.88 1.25 11.95 1.96 4.45E+41 4.99E+40
HOPS 185 5.30 0.18 19.20 1.25 8.30E+41 8.84E+40 5.18 0.06 18.55 0.42 7.12E+41 3.36E+40
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Table 10

(Continued)

5100~6460 au 6460~7820 au

Source Mga MR a PRb PBb ERC EBC Mg a 111]32l PRb PBb ERC Egc
HOPS 191 0.80 0.01 4.45 0.13 3.53E+41 1.17E4+40 0.36 0.01 1.50 0.05 9.17E+40 4.47E439
HOPS 129 0.37 0.04 0.55 0.03 1.14E4+40 1.88E+38 0.25 0.02 0.40 0.01 9.21E+39 8.83E+37
HOPS 134 NA 0.19 NA 0.37 NA 7.63E+39 NA 0.10 NA 0.22 NA 5.16E+4-39
HOPS 13 0.18 NA 0.74 NA 3.95E+40 NA NA NA NA NA NA NA
HOPS 150 0.05 NA 0.03 NA 2.70E+38 NA 0.06 NA 0.07 NA 1.66E+39 NA
HOPS 166 0.33 1.46 1.62 5.62 8.71E+40 3.35E+41 0.32 0.76 1.64 2.89 8.96E+40 1.61E+41
HOPS 194 NA 0.13 NA 0.37 NA 1.13E+40 NA 0.10 NA 0.28 NA 8.95E+39
HOPS 200 NA NA NA NA NA NA NA NA NA NA NA NA
Notes.
# In units of M., Myr .
® In units of M kms™! Myr’l.
€ In units of erg Myr .

Table 11

Molecular Outflow Rates Using All Outflow Gas, within 7820~9180 au Away from the Source
7820~9180 au

Source Mg? Mg? B® P® Eg€ Ep©
HOPS 10 0.79 1.90 4.05 76.61 5.59E+41 6.43E+43
HOPS 10 no jet 0.79 1.29 4.05 15.65 5.59E+41 3.03E+42
HOPS 11 1.63 2.30 6.90 21.40 4.60E+41 3.63E+42
HOPS 11 no jet 1.63 1.32 6.90 4.48 4.60E+41 1.88E+41
HOPS 164 NA 1.77 NA 19.95 NA 1.41E+43
HOPS 164 no jet NA 1.55 NA 3.89 NA 1.46E+41
HOPS 169 1.09 1.38 8.87 11.86 8.80E+41 1.22E+42
HOPS 198 0.10 NA 0.88 NA 9.77E+40 NA
HOPS 355 0.13 0.03 0.34 0.19 1.31E+40 1.22E+40
HOPS 408 NA NA NA NA NA NA
HOPS 127 0.10 2.00 0.33 5.47 1.73E+40 2.04E+41
HOPS 130 NA NA NA NA NA NA
HOP 135 NA NA NA NA NA NA
HOPS 157 NA NA NA NA NA NA
HOPS 177 1.31 1.14 4.13 1.76 1.61E+41 4.43E+40
HOPS 185 NA NA NA NA NA NA
HOPS 191 NA NA NA NA NA NA
HOPS 129 0.13 NA 0.28 NA 8.94E+39 4.91E+35
HOPS 134 NA 0.08 NA 0.16 NA 4.10E+39
HOPS 13 NA NA NA NA NA NA
HOPS 150 0.06 NA 0.08 NA 1.88E+39 NA
HOPS 166 0.14 0.49 0.66 2.35 3.31E+40 1.58E+41
HOPS 194 NA 0.05 NA 0.13 NA 4.10E+4-39
HOPS 200 NA NA NA NA NA NA
Notes.
# In units of M, Myr .
° In units of Mg kms™' Myr'.
€ In units of erg Myr .

Table 12

Molecular Outflow Rates for Gas with vy, > 1 km s™!, within 2380-3740 au and 3749-5100 au Away from the Source
2380~3740 au 3740~5100 au

Source MBn MRa PRb PBb E‘RC EBC MBﬂ ZMRﬂ PRh PBh ERC EBC
HOPS 10 1.13 3.11 4.93 72.53 6.46e+41 4.86E+43 1.43E+00 2.93 10.44 69.29 1.95E+42 5.02E+43
HOPS 10 no jet 1.13 3.11 493 72.53 6.46e+41 4.86E+43 1.43E4-00 2.93 10.44 69.29 1.95E+42 5.02E+43
HOPS 11 1.49 4.03 7.51 26.96 8.32e+41 4.42E+42 2.02E+00 5.19 10.93 39.85 1.29E+42 8.11E+42
HOPS 11 no jet 1.49 4.03 7.51 26.96 8.32e+41 4.42E+42 2.02E+00 5.19 10.93 39.85 1.29E+42 8.11E+42
HOPS 164 1.76 2.95 10.23 20.82 2.61e+42 1.00E+43 1.34E4-00 3.17 9.01 28.17 2.78E+42 1.44E+43
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Table 12

(Continued)

2380~3740 au 3740~5100 au

Source Mga MRu PRb PBb ERC EBC MB é MRu PRb Pgb ERC Egc
HOPS 164 no jet 1.76 2.95 10.23 20.82 2.61e+42 1.00E+43 1.34E400 3.17 9.01 28.17 2.78E+42 1.44E+43
HOPS 169 3.35 1.83 24.73 14.95 3.11e+42 2.07E+42 2.59E+00 1.67 17.43 18.02 1.84E+42 2.49E+42
HOPS 198 0.50 3.04 8.71 30.68 5.6e+42 2.53E+43 3.88E-01 1.59 9.90 33.63 7.09E+42 2.28E+43
HOPS 355 0.13 0.05 0.49 0.41 3.15e+40 4.95E+40 1.03E-01 0.06 0.42 0.55 2.82E+40 8.30E+40
HOPS 408 NA NA NA NA 0 NA NA NA NA NA NA NA
HOPS 127 0.35 2.05 2.50 6.53 3.31e+41 3.49E+41 2.29E-01 2.14 1.62 6.78 2.21E+41 4.12E+41
HOPS 130 0.71 NA 10.76 NA 2.42e+42 NA 4.90E-01 NA 7.45 NA 1.83E+42 NA
HOP 135 0.09 12.89 0.44 43.14 8.42e+40 1.99E+42 6.40E-02 10.97 0.28 35.97 5.82E+40 1.57E+42
HOPS 157 0.59 NA 2.54 NA 2.12e+41 NA 8.42E-01 NA 3.74 NA 3.62E+41 NA
HOPS 177 7.13 0.55 20.51 1.42 8.64e+41 4.20E+41 5.78E+00 0.60 17.38 1.67 8.22E+41 4.34E+41
HOPS 185 8.28 0.13 31.43 2.27 2.48e+42 1.61E+42 4.62E+00 0.18 16.68 3.21 1.08E+42 2.33E+42
HOPS 191 0.63 0.07 3.61 1.47 9.73e+41 9.09E+41 8.54E-01 0.03 5.34 0.48 1.37E+42 2.75E+41
HOPS 129 0.55 NA 0.93 NA 7.78e+40 NA 4.82E-01 NA 0.97 NA 9.78E+440 NA
HOPS 134 NA 0.40 NA 222 0 3.53E+41 NA 0.30 NA 1.43 NA 2.92E+41
HOPS 13 1.68 NA 6.33 NA 3.58e+41 NA 1.82E+00 NA 8.13 NA 5.59E+41 NA
HOPS 150 0.08 NA 0.51 NA 1.44e+41 NA 7.36E-02 NA 0.51 NA 1.39E+41 NA
HOPS 166 0.25 2.52 1.46 8.17 1.33e+41 4.23E+41 3.64E-01 1.75 1.92 6.76 1.47E+41 4.16E+41
HOPS 194 NA 0.21 NA 1.82 0 4 41E+41 NA 0.22 NA 1.94 NA 4.73E+41
HOPS 200 NA NA NA NA 0 NA NA NA NA NA NA NA
Notes.
2 In units of Mo, Myr .
® In units of Mokms™ ' Myr "
€ In units of erg Myr .

Table 13

Molecular Outflow Rates for Gas with vy, > 1 km s™!, within 5100~6460 au and 6460-7820 au Away from the Source
5100~6460 au 6460~7820 au

Source 1”3u MRu PRb Pgb ERC EBC MBH 1‘][{"l PRb Pgb ERC EBC
HOPS 10 1.60 3.01 14.76 79.83 3.52E+42 6.55E+43 1.43 2.83 13.44 96.41 3.88E+42 8.03E+43
HOPS 10 no jet 1.60 3.01 14.76 79.83 3.52E+42 6.55E+43 1.43 2.83 13.44 96.41 3.88E+42 8.03E+43
HOPS 11 1.95 4.79 9.92 37.04 1.07E+42 7.18E+42 1.66 3.62 7.73 28.53 6.77E+41 5.21E4+42
HOPS 11 no jet 1.95 4.79 9.92 37.04 1.07E+42 7.18E+42 1.66 3.62 7.73 28.53 6.77E+41 5.21E+42
HOPS 164 0.50 3.22 5.61 29.14 2.58E+42 1.72E+43 NA 2.28 0.02 20.79 4.92E+39 1.29E+43
HOPS 164 no jet 0.50 3.22 5.61 29.14 2.58E+42 1.72E+43 NA 2.28 0.02 20.79 4.92E+39 1.29E+43
HOPS 169 2.25 1.49 15.94 16.63 1.75E+42 2.35E+42 1.40 1.47 10.22 14.80 1.05E+42 1.86E+42
HOPS 198 0.16 1.28 3.38 21.88 3.17E+42 1.64E+43 0.09 0.34 1.82 3.32 1.97E+42 3.40E+42
HOPS 355 0.10 0.05 0.38 0.48 2.95E+40 6.94E+40 0.13 0.04 0.47 0.41 3.99E+40 6.89E+40
HOPS 408 NA NA NA NA NA NA NA NA NA NA NA NA
HOPS 127 0.10 1.94 0.52 6.62 6.98E+40 5.03E+41 0.05 1.82 0.26 5.44 4.02E+40 2.90E+41
HOPS 130 0.22 NA 3.14 NA 1.04E+42 NA 0.11 NA 1.81 NA 9.79E+41 NA
HOP 135 0.03 2.22 0.09 7.23 1.61E4+40 3.61E+41 NA NA NA NA NA NA
HOPS 157 0.20 NA 0.39 NA 1.99E+40 NA NA NA NA NA NA NA
HOPS 177 5.31 0.78 16.46 2.00 8.29E+41 4.27E+41 3.89 0.94 12.30 2.51 6.50E+41 6.58E+41
HOPS 185 5.31 0.21 19.63 4.35 1.19E+42 3.43E+42 5.18 0.09 18.87 3.09 1.00E+42 2.95E+42
HOPS 191 0.82 0.02 5.53 0.49 1.19E+42 3.93E+41 0.37 0.01 2.27 0.16 6.96E+41 1.01E+41
HOPS 129 0.25 NA 0.57 NA 6.62E+40 NA 0.18 NA 0.54 NA 1.03E+41 NA
HOPS 134 NA 0.21 NA 0.84 NA 2.20E+41 NA 0.11 NA 0.55 NA 1.65E+41
HOPS 13 0.18 NA 0.74 NA 3.95E+40 NA NA NA NA NA NA NA
HOPS 150 0.04 NA 1.04 NA 4.03E+41 NA 0.02 NA 0.17 NA 5.09E+40 NA
HOPS 166 0.34 1.47 1.87 5.83 1.46E+41 3.75E+41 0.32 0.76 1.74 2.92 1.24E+41 1.68E+41
HOPS 194 NA 0.19 NA 1.92 NA 5.09E+41 NA 0.14 NA 1.59 NA 4.33E+41
HOPS 200 NA NA NA NA NA NA NA NA NA NA NA NA
Notes.

2 In units of M., Myr .

® In units of M, km s~ Myr ",

¢ In units of erg Myr .
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Table 14
Molecular Outflow Rates for Gas with voy > 1 km s, within 7820~9180 au Away from the Source
7820~9180 au

Source Mg? Mg? P® Pg® Eg€ Ep©
HOPS 10 0.66 1.91 5.65 78.07 1.55E+42 6.62E+43
HOPS 10 no jet 0.66 1.91 5.65 78.07 1.55E+42 6.62E+43
HOPS 11 1.45 2.28 7.00 22.14 5.64E+41 4.13E+42
HOPS 11 no jet 1.45 2.28 7.00 22.14 5.64E+41 4.13E+42
HOPS 164 NA 1.77 NA 19.95 NA 1.41E+43
HOPS 164 no jet NA 1.77 NA 19.95 NA 1.41E+43
HOPS 169 1.08 1.37 9.01 12.16 9.49E+41 1.40E+42
HOPS 198 0.11 NA 3.18 NA 4.21E+42 NA
HOPS 355 0.11 0.04 0.39 0.36 3.50E+40 9.02E+40
HOPS 408 NA NA NA NA NA NA
HOPS 127 0.10 1.71 0.46 5.56 7.15E+40 3.61E+41
HOPS 130 NA NA NA NA NA NA
HOP 135 NA NA NA NA NA NA
HOPS 157 NA NA NA NA NA NA
HOPS 177 1.31 0.86 4.35 2.48 2.93E+41 7.40E+41
HOPS 185 NA NA NA NA NA NA
HOPS 191 NA NA NA NA NA NA
HOPS 129 0.12 NA 0.36 NA 5.06E+40 NA
HOPS 134 NA 0.08 NA 0.54 NA 1.89E+41
HOPS 13 NA NA NA NA NA NA
HOPS 150 0.03 NA 0.22 NA 6.30E+40 NA
HOPS 166 0.14 0.49 0.73 2.40 5.67E+40 1.68E+41
HOPS 194 NA 0.08 NA 1.08 NA 3.10E+41
HOPS 200 NA NA NA NA NA NA
Notes.

4 In units of M, Myr’l.

® In units of M, kms™! Myrfl.

€ In units of erg Myr .
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Table 15
Molecular Outflow Rates for Gas with voy > 2 km s, within 2380~3740 au and 3749~5100 au Away from the Source
2380~3740 au 3740~5100 au
SOUFCC MBa MRa PRb PBb ERC EBC MB a MRH PRb PBb ERC EBC
HOPS 10 0.39 3.11 4.02 72.53 6.35E+41 4.86E+43 0.67 2.93 9.52 69.29 1.94E+42 5.02E+43
HOPS 10 no jet 0.39 3.11 4.02 72.53 6.35E+41 4.86E+43 0.67 2.93 9.52 69.29 1.94E+42 5.02E+43
HOPS 11 1.00 3.18 6.78 25.76 8.21E+41 4.40E+42 1.35 4.25 9.94 38.55 1.27E+42 8.09E+42
HOPS 11 no jet 1.00 3.18 6.78 25.76 8.21E+41 4.40E+42 1.35 4.25 9.94 38.55 1.27E+42 8.09E+42
HOPS 164 1.13 1.56 9.26 18.50 2.59E+42 1.00E+43 0.95 1.70 8.39 25.75 2.77E+42 1.43E+43
HOPS 164 no jet 1.13 1.56 9.26 18.50 2.59E+42 1.00E+43 0.95 1.70 8.39 25.75 2.77E+42 1.43E+43
HOPS 169 2.77 1.25 23.87 14.08 3.09E+42 2.05E+42 2.26 1.58 16.94 17.86 1.83E+42 2.48E+42
HOPS 198 0.50 3.04 8.71 30.68 5.60E+42 2.53E+43 0.39 1.59 9.90 33.63 7.09E+42 2.28E+43
HOPS 355 0.13 0.05 0.49 0.41 3.15E+40 4.95E+40 0.10 0.06 0.42 0.55 2.82E+40 8.30E+40
HOPS 408 NA NA NA NA NA NA NA NA NA NA NA NA
HOPS 127 0.26 1.42 2.36 5.59 3.29E+41 3.35E+41 0.17 1.33 1.52 5.58 2.20E+41 3.94E+41
HOPS 130 0.71 NA 10.76 NA 2.42E+42 NA 0.49 NA 7.45 NA 1.83E+42 NA
HOP 135 0.06 9.81 0.39 38.52 8.35E+40 1.92E+42 0.03 8.11 0.24 31.68 5.77E+40 1.51E+42
HOPS 157 0.33 NA 221 NA 2.08E+41 NA 0.39 NA 3.16 NA 3.54E+41 NA
HOPS 177 5.46 0.11 17.88 0.85 8.22E+41 4.13E+41 4.49 0.16 15.37 1.10 7.90E+41 4.26E+41
HOPS 185 7.79 0.13 30.51 2.27 247E+42 1.61E+42 4.45 0.18 16.35 321 1.07E+42 2.33E+4+42
HOPS 191 0.45 0.07 3.34 1.47 9.69E+41 9.09E+41 0.65 0.03 5.02 0.48 1.36E+42 2.75E+41
HOPS 129 0.08 NA 0.34 NA 7.03E+40 NA 0.12 NA 0.51 NA 9.19E+40 NA
HOPS 134 NA 0.22 NA 1.98 NA 3.50E+41 NA 0.12 NA 1.16 NA 2.88E+41
HOPS 13 1.56 NA 6.17 NA 3.55E+41 NA 1.76 NA 8.04 NA 5.58E+41 NA
HOPS 150 0.05 NA 0.46 NA 1.43E+41 NA 0.06 NA 0.48 NA 1.38E+41 NA
HOPS 166 0.25 1.73 1.46 6.85 1.33E+41 4.01E+41 0.36 1.20 1.92 5.86 1.47E+41 4.01E+41
HOPS 194 NA 0.16 NA 1.74 NA 4.39E+41 NA 0.18 NA 1.86 NA 4.72E+41
HOPS 200 NA NA NA NA NA NA NA NA NA NA NA NA

Notes.
4 In units of M, Myr’l.
® In units of M, kms™! Myrfl.

€ In units of erg Myr .
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Table 16
Molecular Outflow Rates for Gas with voy > 1 km s, within 5100~6460 au and 64607820 au Away from the Source
5100~6460 au 6460~7820 au
SOUFCC MBa MRa PRb PBb ERC EBC MB a MRH PRb PBb ERC EBC
HOPS 10 0.81 3.01 13.79 79.83 3.51E+42 6.55E+43 0.67 2.83 12.50 96.41 3.87E+42 8.03E+43
HOPS 10 no jet 0.81 3.01 13.79 79.83 3.51E+42 6.55E+43 0.67 2.83 12.50 96.41 3.87E+42 8.03E+43
HOPS 11 1.31 4.21 8.98 36.26 1.05E+42 7.17E4+42 1.18 3.32 7.03 28.11 6.67E+41 5.20E+42
HOPS 11 no jet 1.31 4.21 8.98 36.26 1.05E+42 T1TE+42 1.18 3.32 7.03 28.11 6.67E+41 5.20E+42
HOPS 164 0.38 1.73 5.43 26.69 2.58E+42 1.72E+43 NA 1.27 0.02 19.13 4.90E+39 1.28E+43
HOPS 164 no jet 0.38 1.73 5.43 26.69 2.58E+42 1.72E+43 NA 1.27 0.02 19.13 4.90E+39 1.28E+43
HOPS 169 1.94 1.48 15.51 16.61 1.75E+42 2.35E+42 1.24 1.46 9.97 14.78 1.04E+42 1.86E+42
HOPS 198 0.16 1.28 3.38 21.88 3.17E+42 1.64E+43 0.09 0.34 1.82 3.32 1.97E+42 3.40E+42
HOPS 355 0.10 0.05 0.38 0.48 2.95E+40 6.94E+40 0.13 0.04 0.47 0.41 3.99E+40 6.89E+440
HOPS 408 NA NA NA NA NA NA NA NA NA NA NA NA
HOPS 127 0.06 1.21 0.46 5.57 6.89E+40 4.87E+41 0.03 1.21 0.21 4.55 3.95E+40 2.76E+41
HOPS 130 0.22 NA 3.14 NA 1.04E+42 NA 0.11 NA 1.81 NA 9.79E+41 NA
HOP 135 0.01 1.60 0.06 6.29 1.59E+40 3.46E+41 NA NA NA NA NA NA
HOPS 157 0.04 NA 0.18 NA 1.70E+40 NA NA NA NA NA NA NA
HOPS 177 4.13 0.19 14.62 1.24 7.99E+41 4.17E+41 3.00 0.20 10.94 1.59 6.29E+41 6.46E+41
HOPS 185 5.18 0.21 19.39 4.35 1.18E+42 3.43E+42 5.05 0.09 18.63 3.09 9.98E+41 2.95E+42
HOPS 191 0.65 0.02 5.27 0.49 1.19E+42 3.93E+41 0.26 0.01 2.12 0.16 6.94E+41 1.01E+41
HOPS 129 0.08 NA 0.36 NA 6.34E+40 NA 0.07 NA 0.39 NA 1.01E+41 NA
HOPS 134 NA 0.08 NA 0.63 NA 2.17E+41 NA 0.06 NA 0.47 NA 1.64E+41
HOPS 13 0.18 NA 0.74 NA 3.95E+40 NA NA NA NA NA NA NA
HOPS 150 0.04 NA 1.03 NA 4.03E+41 NA 0.01 NA 0.16 NA 5.06E+40 NA
HOPS 166 0.34 1.00 1.87 5.06 1.46E+41 3.63E+41 0.32 0.51 1.74 2.49 1.24E+41 1.61E+41
HOPS 194 NA 0.15 NA 1.85 NA 5.08E+41 NA 0.12 NA 1.55 NA 4.32E+41
HOPS 200 NA NA NA NA NA NA NA NA NA NA NA NA

Notes.
4 In units of M, Myr’l.
® In units of M, kms™! Myrfl.

€ In units of erg Myr .
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Table 17
Molecular Outflow Rates for Gas with voy > 1 km s, within 7820~9180 au Away from the Source
7820~9180 au

Source Mg? Mg? P® Pg® Eg€ Ep©
HOPS 10 0.32 1.91 5.23 78.07 1.54E+42 6.62E+43
HOPS 10 no jet 0.32 1.91 5.23 78.07 1.54E+42 6.62E+43
HOPS 11 1.18 2.18 6.59 22.01 5.58E+41 4.13E+42
HOPS 11 no jet 1.18 2.18 6.59 22.01 5.58E+41 4.13E+42
HOPS 164 NA 1.00 NA 18.66 NA 1.40E+43
HOPS 164 no jet NA 1.00 NA 18.66 NA 1.40E+43
HOPS 169 1.02 1.37 8.91 12.15 9.47E+41 1.40E+42
HOPS 198 0.11 NA 3.18 NA 4.21E+42 NA
HOPS 355 0.11 0.04 0.39 0.36 3.50E+40 9.02E+40
HOPS 408 NA NA NA NA NA NA
HOPS 127 0.07 1.29 0.40 491 7.05E+40 3.50E+41
HOPS 130 NA NA NA NA NA NA
HOP 135 NA NA NA NA NA NA
HOPS 157 NA NA NA NA NA NA
HOPS 177 0.96 0.17 3.81 1.64 2.84E+41 7.29E+41
HOPS 185 NA NA NA NA NA NA
HOPS 191 NA NA NA NA NA NA
HOPS 129 0.05 NA 0.28 NA 4.96E+40 NA
HOPS 134 NA 0.05 NA 0.49 NA 1.88E+41
HOPS 13 NA NA NA NA NA NA
HOPS 150 0.02 NA 0.20 NA 6.27E+40 NA
HOPS 166 0.14 0.39 0.73 2.23 5.67E+40 1.65E+41
HOPS 194 NA 0.07 NA 1.06 NA 3.10E+41
HOPS 200 NA NA NA NA NA NA
Notes.

4 In units of M, Myr’l.

® In units of M, kms™! Myrfl.

€ In units of erg Myr .

Appendix F

Two-dimensional Mass, Momentum, Energy, Mass rate, Momentum Rate (Force), and Energy Rate (Mechanical

Luminosity) Maps for All Outflows

In this section, we present the two-dimensional mass, momentum, energy, mass rate, momentum rate (force), and energy rate
(mechanical luminosity) maps for all outflows (see Figures 21-43). All the rate maps are computed from our PFT technique. Instead
of a single rate value obtained by previous methods, the PFT technique allows us to compute two-dimensional molecular outflow

instantaneous rate maps for the first time.
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Figure 21. HOPS 10 molecular outflow mass, momentum, and energy maps (panels in the left column), and the corresponding rate maps (panels in the right column).
The red ellipse in the bottom left of each panel represents the synthesized beam. Note that the pixel size is the same for all maps and is 0”17 x 0717.
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Figure 22. HOPS 10 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note, we exclude the high-velocity jet components. The
pixel size is 0717 x 0”17. The red ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 23. HOPS 11 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 24. HOPS 11 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note, we exclude the high-velocity jet components.
Note that the pixel size is 0”17 x 07 17. The red ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 25. HOPS 13 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0717. The red
ellipses in the bottom left of the plots represent the synthesized beam.

41



THE ASTROPHYSICAL JOURNAL, 947:25 (62pp), 2023 April 10 Hsieh et al.

-7°20'10.0'

1.0

— 035 —
3 20.0' 0.8 5 0.30 5
S = 025 =
g 30.0° 06 0.20 7
= s I~
B 40.0" 0.4 ¢ 0.15 2
-TEJ 0.2 o 0.10 o
a 0.0 e B 0.05 =
5 1'00.0 2000 au 1 ) = 2000au 1 VKW =
-7°20'10.0" 12 & o
7°20'10.0 T 0.14 L
S 1.0 X X
3 20.0' 0 % 012 X
S 0.8 -~ 0.10 7
= 1 [7)] ;
S 300 0.6 ¢ 0.08 =
- — A4 —
© 40.0' 04 o 0.06
O
ko 50.0' N ©Z 7 0.02
2000 au : 0.0 — 0.00 =
21'00.0" - o =
-7°20'10.0' 6 =
~ — 20 O
S 20.0' > T =
o 4 9 Q
N R 1.5 n
= 30.0 ; & L
kS s 1.0 =
© 40.0' 2 o o
£ 3 o
= L S 0.5
@ 50.0' = 5 : g
(&) === s w o S
2000 au : 0 2000 au . 0.0 —
21'00.0" - R ‘w

5h39m02.16s 5h39m02.16s
Right Ascension (J2000) Right Ascension (J2000)

Figure 26. HOPS 127 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 27. HOPS 129 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam. There is no detection in the energy ejection rate map due to the high noise level.
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Figure 28. HOPS 130 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.

44



THE ASTROPHYSICAL JOURNAL, 947:25 (62pp), 2023 April 10 Hsieh et al.

-7°12'30.0'

0.35

_ - 0.14 =
S 40.0' 0.30 L (012 5
2 0.25 % (010 =
= 50.0' 5o & # 010 o
c 0.20 > 2 0.08 7
£ 13'00.0° 015 = 3 0.06 2
% 0.10 IS - 0.04 o
2 10.0° B 0.05 = B 002 =
50.0' 2000 au - K 2000 au : EENEEE
-7°12'30.0' 0.7 & 007 T
m (O]

S : 0.6 % X
3 40.0 3 0.06 &
o 0.5 | —
N , | 0.05 T
S = 0.04 =
2 13'00.0° 0.3 % 0.03 7

< 0.2
= 2 = 0.02 ¢
ks 10.0' 0.1 % 0.01
0.0 = 0.00 =
20.0' Y= &
00 0— .n_
-7°12'30.0" —
_ 4 12 L
3 40.0' : T 1.0 X
2 3 % -
S 50.0° 5 a 8
15 f) L > 06 =
£ 13'00.0' _. : o o
c : & 04 5
= 1 ©

] 10.0' = ‘ 02 ¢
. 2000 au H T 3600 au =
au - au - =

20.0' 1 ° 3 0.0 =

5h38m43.92s 5h38m43.92s
Right Ascension (J2000) Right Ascension (J2000)

Figure 29. HOPS 134 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0717. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 30. HOPS 135 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0717 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 31. HOPS 150 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0717. The red
ellipses in the bottom left of the plots represent the synthesized beam. Two jets with molecular bullets appear clearly in the energy ejection rate maps. The southern jet
coincides spatially with HOPS 150 A, but the northern jet originated from a nearby source outside the field of view.

47



THE ASTROPHYSICAL JOURNAL, 947:25 (62pp), 2023 April 10 Hsieh et al.

0.200
__-6°56'30.0" 05 _ 0lrs o
= T ' T
S 40.0" 04 g 0.150 ¢
S a 0.125 o
= 03 < "
< 50.0" 2 0.100 _
= o 02 3 0.075 <
£ 57°00.0 o 0.050 o
O 0.1 — =
L 1 - - I S : 0025 —
] 10.0 : = : s
2000 au = CHoN0] PJUETVIEEE 0 000
T 0.14 L
— (J]
S X 012 =
o o —
S . 0.10 5
c p 0.08 2
2 ~ 0.06 +
£ s 0.04 ¢
o Ak T B 0.02
2000 au : = 2000 au = HN) =
o Q.
__-6°56'30.0" 8 — 20 L
3 . T =
S 40.0 6 % 15 &
= o s
< 50.0" o =
9 4 5 1.0 =
S 57'00.0" 2 =
£ : 2 S 05 2
o 10.0" " S
' 0 0.0 =
58.32s 5h37m56.04s 58.32s 5h37m56.04s
Right Ascension (J2000) Right Ascension (J2000)

Figure 32. HOPS 157 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 33. HOPS 164 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 34. HOPS 164 outflow mass, momentum, energy maps, and 7the corresponding instantaneous rate maps. Note, we exclude the high-velocity jet components.
The pixel size is 0”17 x 0”17. The red ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 35. HOPS 166 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 36. HOPS 169 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 37. HOPS 177 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam. There is no detection in the energy ejection rate map due to the high noise level.
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Figure 38. HOPS 185 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 39. HOPS 191 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam. There is no detection in the energy ejection rate map due to the high noise level.
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Figure 40. HOPS 194 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam. No clear detection is seen in the energy map, and the energy and momentum ejection rate maps.
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Figure 41. HOPS 198 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 42. HOPS 200 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Figure 43. HOPS 408 outflow mass, momentum, energy maps, and the corresponding instantaneous rate maps. Note that the pixel size is 0”17 x 0”17. The red
ellipses in the bottom left of the plots represent the synthesized beam.
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Appendix G
Outflow Opening Angle, Momentum Opening Angle, and Energy Opening Angle

In this section, we present all the measurements for the traditional outflow cavity opening angle, momentum opening angle, and
energy opening angle (see Tables 18 and 19).

Table 18
Summary of Outflow Opening Angles without Inclination Correction

Source Traditional Momentum Energy

Opening Angle® Opening Angle® Opening Angle®

(deg) (deg) (deg)

HOPS 10 38.0 £3.4/62.6 £3.6 77.1+12.7/48.6 +2.8 233+2.6/64.4+4.7
HOPS 11 1172 £23.7/118.6 £ 5.0 42.0 £ 3.8/40.6 = 4.7 30.1 +£2.8/84.6 £5.7
HOPS 13 50.0 £2.4/57.6 £5.6 NA/NA NA/NA
HOPS 127 779 £5.6/62.9 +£4.3 NA/112.7+9.1 NA/130.7 +32.5
HOPS 129 75.6 £ 6.4/NA 452 +£8.0/829+6.5 38.6 £5.6/56.7+7.5
HOPS 130 68.3 +8.1/NA 91.9 + 13.1/NA 143.6 + 14.6/NA
HOPS 134 131.5+ 17.1/NA NA/NA NA/NA
HOPS 135 NA/71.3+53 NA/64.6 +4.2 40.1 £2.5/62.6 +4.3
HOPS 150° NA/NA 106.1 + 11.7/NA NA/NA
HOPS 157 110.2 + 11.0/NA NA/NA NA/NA
HOPS 164 45.0 £3.0/29.3+0.5 56.4+33/324+1.8 458 +£1.8/26.0 + 0.7
HOPS 166 NA/NA NA/NA NA/155.5+82.4
HOPS 169 67.6 +£59/45.6 £ 1.6 34.0+22/355+33 36.3+27/232+1.2
HOPS 177 134.9 +19.0/91.6 + 12.0 NA/NA 112.0 £ 5.2/NA
HOPS 185 11224+ 13.9/922 +11.3 NA/97.5+ 8.0 NA/98.0+7.2
HOPS 191 113.2 +8.7/77.6 £ 8.5 83.8+4.7/71.6 £5.7 NA/NA
HOPS 194 NA/110.0 + 11.1 NA/NA NA/NA
HOPS 198 69.9 +4.5/NA 60.0 +3.7/66.3 + 3.7 344 +4.1/NA
HOPS 200 137.2 +20.7/NA NA/NA NA/NA
HOPS 355 243 +13/343+£1.5 31.2+1.6/27.1+1.8 40.8 £5.4/26.3+3.3
HOPS 408 NA/NA 37.2+24/245+13 264 +4.5/24.0+8.9
Notes.

# For each source we give two estimates. The first value is the estimate for the blueshifted lobe and the second value is for the redshifted lobe. NA indicates the
Gaussian fit used to derive the opening angle was not good, it did not converge or there is simply no outflow lobe for that source. The opening angle is defined as the
FWQM of the fitted Gaussian.

® HOPS 150 is a binary system and it is contaminated by two collimated molecular outflows from two nearby sources. The Gaussian fits performed poorly for HOPS
150.

¢ HOPS 194 opening angle is measured directly from the C'30 outflow cavity as shown in Figure 2. The uncertainty is adopted to be 10% of the measurement.
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Table 19
Summary of the Outflow Opening Angles with Inclination Correction

Source Traditional Momentum Energy

Opening Angle* Opening Angle* Opening Angle*

(deg) (deg) (deg)

HOPS 10 332+29/555+£3.1 69.2 £11.0/42.7 £ 2.4 20.2+23/57.2 £4.1
HOPS 11 64.4+92/659+1.9 168 £1.5/162+1.8 11.8 +£1.1/38.6 £2.2
HOPS 13 447 £2.1/51.7+£49 NA/NA NA/NA
HOPS 127 65.8+45/52.1+34 NA/100.5 + 7.3 NA/120.3 +26.3
HOPS 129 63.6 £ 5.1/NA 36.8+6.4/70.5 +£5.2 31.3+4.5/46.7 £ 6.0
HOPS 130 65.3 £7.7/NA 88.6 + 12.4/NA 141.6 + 13.8/NA
HOPS 134 101.6 +9.5/NA NA/NA NA/NA
HOPS 135 NA/62.0 +4.4 NA/55.8 +3.5 34.0+2.1/54.0+3.6
HOPS 150° NA/NA 79.8 &+ 7.4/NA NA/NA
HOPS 157 70.9 +£5.5/NA NA/NA NA/NA
HOPS 164 354+23/228 £04 449 +£25/253+ 1.4 36.1 +£1.4/202£0.5
HOPS 166 NA/NA NA/NA NA/116.1 +33.9
HOPS 169 46.7 £3.8/30.3 £ 1.0 223+ 1.4/233 £2.1 239+ 1.7/151+£0.8
HOPS 177 127.5 + 16.0/81.7 + 10.1 NA/NA 102.6 + 4.4 /NA
HOPS 185 108.2 +12.9/88.0 + 10.5 NA/93.3+74 NA/93.8 + 6.7
HOPS 191 108.5 £8.0/72.8 £7.8 789 £4.3/66.9 £ 5.2 NA/NA
HOPS 194 NA/65.1 +5.0 NA/NA NA/NA
HOPS 198 69.1 +£4.4/NA 59.3+3.6/65.5+3.6 33.9 £ 4.0/NA
HOPS 200 134.6 + 19.4/NA NA/NA NA/NA
HOPS 355 11.9+£0.6/17.0 £ 0.7 154 +0.8/13.3 £0.9 204 +2.6/129 £ 1.6
HOPS 408 NA/NA 322+21/21.1 £1.1 22.7£3.9/20.7+7.6
Notes.

 For each source we give two estimates. The first value is the estimate for the blueshifted lobe and the second value is for the redshifted lobe. NA indicates the
Gaussian fit used to derive the opening angle was not good, it did not converge or there is simply no outflow lobe for that source. The opening angle is defined as the
FWQM of the fitted Gaussian. The errors are from the uncertainty of the Gaussian fit.

® HOPS 150 is a binary system and it is contaminated by two collimated molecular outflows from two nearby sources. The Gaussian fits performed poorly for HOPS

150.

€ HOPS 194 opening angle is measured directly from the C'®0 outflow cavity as shown in Figure 2. The uncertainty is adopted to be 10% of the measurement.
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