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ABSTRACT

In this paper, we perform an analysis of 13 outflows in the Cygnus X star-forming region. We use the James Clerk Maxwell
Telescope observations of '*CO(3-2) and C'*0O(3-2) molecular emission lines combined with archival '>CO(3-2) data. Using
these new observations, we measure the mechanical properties of the outflows, and identify the associated protostars, finding
their properties consistent with previous surveys of outflows throughout the Milky Way. Finally, we develop and test a method
to measure the same properties using the existing '?CO(3-2) line data alone, finding the properties agree to within a factor of 2.
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1 INTRODUCTION

Star formation shapes structure and evolution of a galaxy by consum-
ing gas and injecting feedback into the interstellar medium (ISM).
A significant amount of feedback comes from the momentum and
energy from the winds of massive stars but also some fraction of
feedback comes from protostellar outflows.

All accreting astronomical objects tend to have bipolar outflows
or collimated jets, resulting from the interaction between the gravi-
tational potential of the central rotating object and the magnetocen-
trifugal potential arising from the accretion disc (Krumholz 2015;
Bally 2016). Accreting neutron stars, quasars, active galactic nuclei,
and young stellar objects (YSOs) all show bipolar outflows at some
point in their lives. While the bipolarity, degree of collimation, and
morphology of these outflows are similar regardless of their origin,
some outflow properties depend on the central object. For example,
for outflows generated by protostars, the ejecta velocity can vary
from 1 to 100 km s~!, whereas neutron stars can produce outflow
velocities at a significant fraction of the speed of light.

Outflows set in as soon as the accretion discs around collapsing
protostars are formed. The outflows associated with YSOs (proto-
stars) provide useful information about the evolutionary stages of
forming stars as well as the condition of the parent clouds, since
the size, velocity, mass, and momentum of the ejecta depend on the
generating YSO (protostar) and the cloud environment (Bally 2016).

Most YSOs show two components: a high-speed, relatively
low mass collimated jet of atomic or ionized matter, and a wide
angled, slow-moving, massive molecular component. The bipolar
atomic/ionized jet is emitted orthogonal to the plane of the accretion
disc reaching large distances. The molecular component appears
more closely connected to the rotating core. Outflows inject mass and
momentum into the protostellar environment in opposite directions
perpendicular to the plane of accretion, and the mass injection rate
increases with the accretion rate (Ellerbroek et al. 2013). During
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the early stages of protostellar evolution, molecular outflows are the
dominant sources of momentum and energy injection to the natal
cloud. Additionally, the physical characteristics continuously evolve
with the YSOs. In the early stages of class 0 YSOs, outflows are
predominantly molecular and become progressively more atomic
and ionized with increasing velocities as the YSOs evolve into
class L.

Because of the multiple ionization states for outflowing material,
several tracers are required for revealing all the different features of
outflows. The atomic and ionized components of the jet are observed
with radio and X-ray continuum emission and the (semi)forbidden
line transitions of atomic species in the optical and UV. While the
molecular component can be traced through the infrared (IR) lines
of H,, the low-J rotational transition lines of CO molecules are
the most commonly used tracers because of their brightness and
their observability. The lines are bright because of the relatively
high fractional abundance of CO and the high likelihood of col-
lisions with H, and He that populate the low-J states. The low-J
transitions can be observed in the millimetre/submillimetre regimes
with ground-based facilities. In addition, high spectral resolution
observations can measure the Doppler broadening of the spectral
line profile, which reveals the characteristic line wing features in
outflows. These line wings extend 10-100 km s~' from the line
centre.

With molecular spectroscopy, we can measure several properties
of the outflows using bipolar wings. The standard properties inferred
are size, morphology, mass, momentum, energy, and mechanical
luminosity. By comparing these quantities with the protostellar
luminosity, we constrain the accretion time, the efficiency of outflow
launching, and the momentum and energy injection rates into the
ISM. For low-mass cores, this feedback is conjectured to play
a significant role in providing turbulence and maintaining virial
balance against the core gravitational energy in collapsing clouds. For
massive cores, outflow feedback can potentially disrupt and shred the
cloud (Bally 2016). However, the impact of outflow feedback and its
coupling to the parent clouds remains uncertain. Some studies have
argued that outflows provide a minimal contribution of feedback
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Table 1. Observational summary. The Project ID is the designation from the JCMT. The last five columns give ranges for the blueshifted and redshifted wings

of the outflow and the line centre.
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Outflow RA Dec. Proj. Atm. Min. blue  Max. blue Line centre ~ Min. red Max. red
(J2000) (J2000) ID opacity vel. vel. vel. vel. vel.
@225GHz  (kms ')  (kms ")  (kms™)  (kms ") (kms !
G79.886+2.552 20"24m31%6 +42°04'2070 MI10ACI12 0.070 -20 0 6.3 12 +20
G81.435+2.147 20"31m1235 +43°05'42/0 MI10AC12 0.069 —16 -5 —2.8 12.5 +15
G81.424+2.140 20031m1283 +43°04'53/0 MI10AC12 0.069 —14 —6 -3.1 —1.5 +10
G81.302+1.055 20"35M33%5 +42°20'17/0 MI10ACI12 0.083 +8 14.5 154 17 +24
G80.314+1.330 20031m1253 +41°42'3070 MI11AC10 0.062 —40 —33.5 -32.2 —29.5 -27
G80.862+0.385 20"37™00%6 +41°35'0070 MI10ACI12 0.060 —15 -5 —1.8 0 +8
G81.663+0.468 20"39™15%9 +42°16'1570 MI10ACI12 0.075 +10 16.5 19.3 23 +44
G81.551+0.098 20040™m2857 +41°57'2170 MI10AC12 0.061 —14.5 -85 —6 —4.5 +1.8
G81.582+0.104 20"40m33%3 +41°59'0570 MI10ACI12 0.082 —15 —8.5 —6.2 —4.5 +2
G82.581+0.203 20"43m2758 +42°49'58/0 MI10ACI12 0.120 —10.5 6.5 10.2 15.5 +32
G82.571+0.194 20043m2759 +42°49'1170 MI10AC12 0.120 —4 7.5 11.0 13.5 +23
G80.158+2.727 20"24m35%7 +42°23'4170 MI11AC10 0.066 -25 0.5 4.5 10 +21
G80.149+2.710 20"24m38%6 +42°22'4270 MI11AC10 0.066 -3 3 5.0 6 +12

(e.g. Hansen et al. 2012) and may not be effective at driving local
cloud turbulence (Swift & Welch 2008; Duarte-Cabral et al. 2012;
Drabek-Maunder et al. 2016). However, these estimates rely on
careful characterization of outflow properties over a large region
within the host molecular cloud. The impact of outflows could be
larger than previously considered. Dunham et al. (2014) argued
that outflow mass, momentum estimated from low-J CO lines
only provide lower limits on those quantities given the standard
assumptions about opacity and line excitation.

Most outflow studies have focused on the nearest star-forming
regions, which are mostly relatively quiescent. The Orion molecular
cloud is the nearest site of high-mass star formation and remains
the case study for outflows and feedback from newly forming O
and B stars (Bally 2016). However, on Galactic scales, Orion is
a relatively small molecular cloud and more distant regions contain
larger molecular clouds and a wealth of outflow activity. In this work,
we study the Cygnus X region, a massive molecular cloud complex
associated with the spiral arm. Cygnus X is the most active star-
forming region within 2 kpc and shows a range of outflow behaviour
across the region.

This work is a follow-up of a survey of the Cygnus X region in
12C0O(3-2) emission made with the James Clerk Maxwell telescope
(JCMT) by Gottschalk et al. (2012, hereafter G12). The G12 work
identified 47 molecular outflows in the '*CO emission. In this work,
we present *CO(3-2) and C'®0(3-2) observations of 13 of these
outflows to measure their properties. This work extends the analysis
presented in Deb, Kothes & Rosolowsky (2018, hereafter D18),
which studied one object in detail in the context of triggered star
formation. Here, we use standard approaches to measure the outflow
properties for the combined sample of 13 outflows.

In addition, we also develop a procedure to measure the
properties of outflows using only the '?CO(3-2) emission line.
This method is motivated because we have carried out a wide-area
survey of the Cygnus X region in the >CO(3-2) emission using
the JCMT that will be presented in forthcoming work (Deb,
Rosolowsky & Kothes, in preparation). As part of that survey,
we have identified hundreds of protostellar outflows. Measuring
the properties using multiple CO tracers of those outflows
would require a heavy investment of telescope time. Hence,
validating the methods for a single-tracer measurement of outflow

properties is important for studying outflows in the context of
feedback.

Specifically, we detail our observational techniques and data
extraction in Section 3. In Section 3.3, we discuss the properties
of all three CO rotational lines and assuming a constant excitation
temperature among all species we determine the optical depths and
column densities of the optically thin lines as functions of position
and velocity offsets from the line centre. Section 3.4 shows how we
calculate mass, momentum, and energy of the molecular outflows
using all three tracers following a similar approach as D18. Finally,
in Section 4 we present a model for extracting outflow properties
from '2CO(3-2) line alone and compare the results to the three-line
estimates.

2 OBSERVATIONS

Here, we have used rotational transition lines *CO(3-2) and C'30(3—
2) observed in the bands centred at 330.58 and 329.33 GHz, respec-
tively, using the JCMT at the summit of Mauna Kea in Hawai’i, using
the Heterodyne Array Receiver Program (HARP) instrument, and the
Auto Correlation Spectral Imaging System (ACSIS) spectrometer
(see also D18). In Table 1, we summarize some of the observational
details of the 13 outflow sources, including project codes, weather
bands, and mean atmospheric opacity values at 225 GHz during
the observational runs (2010 March, and 2011 July) at the JCMT.
Most sources were observed using ‘jiggle’ mapping but the largest
source was observed using a raster map. We configured the receivers
and ACSIS correlator to provide 61 kHz spectral resolution in
simultaneous observations across the two spectral lines.

The 13 outflows presented here were part of the larger sample
of outflows identified in G12. For this project, the brightest outflows
from G12 were selected. While we planned to observe more outflows,
we only obtained data on these 13 targets based on the constraints
set of observational feasibility (telescope scheduling and weather).
Thus, our actual sample is not designed to statistically represent the
parent outflow population.

For data reduction, we used the observatory-maintained STARLINK
software package (Currie et al. 2014) and the standard reduction
and calibration recipes developed for the JCMT. The observatory
provides calibrated data on the 7 scale (antenna temperature
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Figure 1. Dust thermal emission at 8 pm reveals molecular clouds in Cygnus X, with the major star-forming regions labelled (blue and cyan). Locations of the
outflows discussed in this work are marked with red triangles. The yellow square denotes the location of the cometary feature discussed in D18.

corrected for atmospheric opacity, but not for source-beam cou-
pling). We convert the data to the main beam temperature scale by
assuming a beam efficiency based on observatory recommendations
of nus = 0.64! and setting Ty = T4 /nve. We grid these data
into position—position—velocity spectral line data cube with a beam
size of 14.6 arcsec (pixel size of 7.3 arcsec) and velocity resolution
of 0.055 km s~'. The central spatial coordinates of each cube
are shown in Table 1 (refer to D18 for more details). For each
position, we defined an emission-free region of the baseline by-
eye and then subtracted a linear baseline. Additionally, we have
archival '?CO(3-2) line data from G12, which we resampled and
aligned to match the same coordinate grid as the '*CO(3-2) and
C80 (3-2) data. The median values of rms noise in the final
13CO(3-2) and C"®*O(3-2) data cubes are 0.31 and 0.38 K in
0.055 km s~! channels, respectively. The noise values for the
archival '?CO(3-2) data at the same velocity resolution are larger
(typically 0.4-0.8 K) but this line is always strongly detected. All
three lines are detected at >S50 at some position in each of the
targets.

The locations of the 13 observed outflows are shown in Fig. 1 with
abackground of 8§ um PAH emission, which highlights the regions of
star formation in Cygnus X (Peeters, Spoon & Tielens 2004; Crocker
etal. 2011). The large cavities in the 8 pm emission surround regions

"https://www.eaobservatory.org/jcmt/instrumentation/heterodyne/harp/
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where molecular gas was destroyed by newly formed stars giving
the popular ‘Swiss cheese’ appearance (G4). The observed outflows
are all located near the DR21 region, with eight in the active star-
forming region and five outflows in satellite clouds, including the
region studied in D18.

3 RESULTS

Here, we present the observations of the individual outflows and
describe how we measure their physical properties.

3.1 Atlas of outflows

Our primary data product is a multitracer atlas of these 13 outflows.
By eye, we extract a position—velocity (PV) slice from the data
cube (Fig. 2) that is centred on middle of the outflow and oriented
so that the slice goes through the brightest part of the redshifted
and blueshifted outflow lobes. We extract the property outflows
from this PV slice. The PV slice is one beam (14.6 arcsec) in
width and the emission is spatially averaged perpendicular to the
slice direction. We experimented with changing the slice widths
but found that the results were most stable for the chosen width,
acting as a compromise between including all emission from the
outflow and including background emission from the molecular
cloud. In Fig. 3, we show one of the molecular outflows,

202 Iudy 60 U0 1sanb Aq Z1.8/€19/#9Z1/1/€0G/2I01He/Seluw/wod dno-dlwapese//:sdiy woly papeojumod


https://www.eaobservatory.org/jcmt/instrumentation/heterodyne/harp/

Figure 2. A PV slice out of a data cube. The x—y plane defines the plane
of sight. The third axis is for frequency or equivalent velocity, along which
spectral line profiles at each spatial pixel along the x—y line as shown in the
PV slice.

G79.886+4-2.552, from three complementary perspectives. We have
included similar three-panel figures for the rest of the 12 sources in
a supplemental document that is available online.

The first panel of the atlas (panel a) displays the spectrum for
each of the three CO isotopologues averaged over the redshifted
and blueshifted sides of the PV slice as the red and blue curves,
respectively. The spectrum shows the contrasts in the different line
structure of the three species. The strong wing features are visible in
the high opacity '>CO(3-2) emission but the optically thin C'30(3—
2) emission is symmetric and useful for determining the line centre.
The shaded bands in blue and red mark the regions we identify, again
by eye, as belonging to the blueshifted and redshifted wings. We give
the values for these boundaries in Table 1.

Panel (b) displays the integrated intensity maps of the '2CO(3-2)
emission, which reveal the spatial distribution (size and morphology)
of the outflowing molecular gas. Red and blue contours represent the
redshifted and blueshifted wings of the outflow, plotted over the
background of total emission (grey-scale). The grey-scale shows the
integration over the entire spectral line, but the blue and red contour
sets indicate emission over the velocity ranges indicated in panel
(a). Yellow stars show the positions of protostellar sources in the
region according to the catalogue of Kryukova et al. (2014), which
was generated from Spitzer-IRAC survey of the region. We have
identified the IR source that is driving the outflow, marked by a cyan
star, by finding the protostar that best matches the position of the
centre of the outflow.

Finally, in panel (c) we display the PV slice for the outflow.
This panel shows the spatially averaged contour lines of 2CO(3—
2) emission along the PV- lice against the background of spatially
averaged '*CO(3-2) emission. The velocity offsets distributed over
position offsets indicate the strength of bipolarity in the outflowing
gas.

3.2 Distances

We determine the distances to each outflow based on their mean
line-of-sight velocity. Referring to Rygl et al. (2012) and G12, we
associate the outflows here with four different major star-forming
regions in Cygnus X. The range of local standard of rest velocities
(vLsr) of the 13 outflows is included in Table 1. Using water masers,
Rygl et al. (2012) determined the average proper motion velocities
of the two star-forming regions W 75N and DR 21 to be 9 and
—3 km s~', along with their parallax distances. Hence we consider
an outflow with a slightly positive velocity (0 < v sg/(km s™!) < 8)

Outflows in the Cygnus X region 1267

towards Cygnus X to be at the same distance as Cygnus Rift, which
is at a mean distance of 650 pc from the Sun (G12) and one with
a low negative velocity (—10 < vy sp/(km s™') < 0 to be associated
with DR 21, at 1.5 kpc. We associate outflows with positive LSR
velocities (v sg/(kms™') > 8) with W 75N, at 1.3 kpc. Outflows
G81.435+2.147 and G81.435+2.147 are part of the cometary feature
mentioned in D18 and are being irradiated by Cygnus OB2 hence
we assumed a distance of 1.4 kpc for them.

3.3 CO line emission: column density

To measure the physical properties of the outflows, we extend the
work of D18 to determine the outflow column density as a function
of velocity from the CO lines. The column density estimates are
controlled by the opacity of the underlying tracer (Oosterloo et al.
2017), so we measure the opacity of the spectral line as a function of
position using the three molecular rotational transitions ('>?CO(3-2),
BCO(3-2), and C'®0O(3-2)). Using the radiative transfer equation
and the emission model from Mangum & Shirley (2015), we express
the spectral line emission in terms of radiation temperature as a func-
tion of optical depth 7, Tg = [J,(Tp) — J,(Ty)](1 — e™™), where
J(T) = % B, (T) and Ty is the constant background temperature,
taken to be the cosmic microwave background (7}, ~ 2.73 K).

We assume local thermodynamic equilibrium (LTE) in the molec-
ular gas, and use a constant molecular excitation temperature 7y
(corresponding to the rotational transition J = 3 — 2) as the
characteristic brightness temperature 7}, associated with emission
from all three species. We model the main beam temperature 7y,
as

Tvg = f11(Tex) = Ju(Tpp)l(1 — 7). M

Here, fis the beam-filling factor and is assumed to be 1. We assume
the '2CO(3-2) line is optically thick, particularly near the line centre,
so the excitation temperature can be approximated as

hv/k
In [14 5t ]

Tmax+]u(Tbg)

T = 2

where Ty, is the peak of the '2CO(3-2) spectral distribution along
each line of sight. Following Mangum & Shirley (2015), we have
the column density of the top state of the transition for '*CO(3-2)
and C'80(3-2) expressed in terms of their optical depth integrated
over the Doppler-broadened spectral profile for every position (e.g.
D18),

8mvg 1
N, = — %ﬁﬁf/ﬁm. 3)
C‘Aul efex — |

Here, vg is the equivalent rest frequency and A,; is the Einstein
coefficient for the u = 3 to / = 2 transition. We extrapolate total
column density of the species using the partition function Q, which
is well approximated as

o~ AT hB, @
 —— eX] —_— .
nBo P\ 3kT

With these assumptions, the total column density is

E,
Ntm = g exp ( ) Nu

E, \ 87v] 1
zgwdi“)f%ﬁr——/nm. o)
8u kTex C Aul eﬁ —1
For the C'®0 line, the Einstein coefficient A,; = 6.011 x 1077 s~!,
vo = 330.588 GHz, and the rotational constant By = 54891.42 MHz.
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Figure 3. Outflow G79.886+-2.552: (a) Average spectral intensity in blueshifted and redshifted outflow regions are shown in 12C0(3-2) (offset +15 K),
13CO(3-2) (offset +5 K), and C'#0O(3-2) lines. The wing feature is present in 12C0O(3-2) line, which is self-absorbed in the line centre caused by the foreground
Cygnus rift. (b) Integrated intensity of '2CO(3-2) line emission highlights the spatial distribution of molecular gas. Red and blue contours represent the redshifted
and blueshifted wings, plotted over the background of total emission (grey-scale). Blue and red contours are obtained by integrating over velocity ranges of v =
—20to 0km s~ and v = 12.5-20 km s~! respectively. Contour lines are drawn at levels (5, 10, 20, 30, and 40) K km s~!and (4,8, 15, 20, and 25) K km s7!
respectively. Yellow stars indicate protostars in Kryukova et al. (2014) catalogue, with the driving IR source marked in cyan. (c) Spatial and spectral distribution
of outflowing gas along the PV slice marked by the green arrow in panel (b). Contours are drawn at levels (3, 5, 7.5, 9.5, and 11) K.

These values are obtained from LAMDA? (Schéier et al. 2005) and Ti3co/ Teiso to an assumed abundance ratio of 8. Finding a brightness
NIST? data bases. ratio significantly smaller than the abundance ratio would imply
In star-forming clouds, C!80 has a low abundance relative to significant opacity in the C'80 line. We estimate the C'30 optical
2CO (Ngisg/Nizco ~ 1.5 x 1073) and *CO (N¢isg/Nisco ~ 0.1) depth for the outflows for every pixel in the regions of significant
(Wilson & Rood 1994), so it is often reasonable to assume the C'*O emission. Then we compute medians of these values for each outflow.
emission is optically thin. However, the line can be optically thick The median varies from 0.23 to 0.65 with corresponding standard
in some regions of star formation as some authors have suggested deviation from 0.04 to 0.28. This may justify the treatment of C'80
(White et al. 2015). In our case, we verify this by following the (3-2) line as optically thin. In this case, the optical depths for the two
approach outlined in Ladd, Fuller & Deane (1998) and White species are derived from equation (1), in terms of their main beam
et al. (2015) to estimate the line-of-sight maximum optical depth of temperatures,

C'80 (3-2) emission. This approach compares the brightness ratio of 80 - 1 Tvs ©)

o Jv(Tex) - Jv(Tbg)

Ti
Zhttp://home.strw.leidenuniv.nl/~moldata/ PCO: 7 = ~In |l - — (7

J(Tex) — J(Thg
3 https://physics.nist.gov/PhysRef Data/MolSpec/ (Tex) (Toe)
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Figure 4. (a) Parabolic shape of R;y/13(v) (red), plotted along with '2CO(3-2) (green),'>CO(3-2) (blue) emissions. Local minimum occurs near the emission
peak. (b) Spectral line profiles of 12C0O(3-2) (blue,red), '3 CO(3-2) (dotted), and C'80 (3-2)(solid) show relative brightness values around the line centre that is
best identified by C'®0. Bipolar outflow is best visible in '>CO(3-2) line, where '3CO(3-2) emission is insignificant. Vertical dotted lines in both panels denote
velocity centroid (black) and 4o limits (cyan) of the fitted Gaussian. Both diagrams are constructed from the data associated with outflow G81.435+2.147.

3.4 Physical properties of the outflows

We estimate the mass, momentum, and kinetic energy of each outflow
given the CO column density measured as a function of line-of-sight
velocity. We use the '*CO(3-2) spectral line as the primary tracer
of column density, since the optically thick low-J transition lines of
12CO is subject to self-absorption and will provide an underestimate
of the mass near the line centre. The '3CO(3-2) line has low signal-
to-noise ratio in outflow wings. At large velocity offsets, it can be
too weak to extract any useful information. Hence, we implement
an extrapolation technique, adopted from Arce & Goodman (2001),
for inferring '*CO(3-2) emission from the brighter '?CO(3-2) line.
Using equation (5), we express the column density of *CO(3-2) as
a function of position offset (spatial pixel) and velocity along the
spectral axis in a PV slice (D18),

Ey
8w} € *ex
Nisco(x, y, v) = #TTU(X, v) dv. ®)
Tc Au] effex — 1

For calculating outflow properties, we separate the asymmetric
blueshifted and redshifted wings of the spectral profile from the
symmetric central components. As a first step, we estimate the
velocity centroid vy of the line by fitting a Gaussian model to the
C'80(3-2) data, along with line width o). We use C'*O(3-2) because
it is optically thin and has a symmetric profile that is bright only
around the line centre (Fig. 4). We repeat this fitting process for
every spatial pixel along the PV slice (Fig. 2). After fixing the line
centre, we fit a quadratic function to the observed emission ratio
of 2CO(3-2)/'3CO(3-2), denoted by Rj13(v) since the line ratio
typically resembles a parabola around vy:

Ri213(v) = Co + Ca (v — vy)*.

This is done separately for each of the blueshifted and redshifted
lobes. We also set an upper limit of 65 for the ratio, based on the
relative abundance of the two molecular species in molecular clouds
(Wilson & Rood 1994). The fitted ratio ranges between this value and
a minimum at the velocities where the '*CO(3-2) line is the brightest
(Fig. 4). Using the main beam temperature of '2CO(3-2) (T},) and the

fitted ratio R}5/13, we can infer the '3CO(3-2) main beam temperature
(T\3) where the signal is undetectable. Following a strategy adapted
from Arce & Goodman (2001), we estimate fR,B(x, v, v) in three
regimes based on the signal-to-noise ratio of the two emission lines:

T3 if Ti32=5o03
Ti3(x, y,v) = RITZI/ZH if Tiz3<2o03, Tio=220n
0 if T13 <2013, T|2<20'12.

Here, the noise levels of the two lines are given as o, and 3. The
last condition states that '>CO(3—2) main beam temperature cannot
be estimated when both emission lines are undetectable.

Using the optical depth (equation 6) and the column density
(equation 8), we determine the H, column density Ny, (x, y,v) as
Nu, = Nisco/Xco by assuming a fixed abundance ratio Xco = 107°
of 3CO(3-2) relative to H, (Wilson & Rood 1994). For the total
mass in the outflow, we integrate Ny, (x, y, v) over blueshifted and
redshifted segments of the spectral axis at each position along the
PV slice and then sum over all such positions,

Moulﬂow = MH, / NH2 ()C, y, U) dv dx
wing

A, Y Niy(x, Y, 0) 808 Agix. ©

X, wing

Here, we have assumed a mean molecular mass per H, as uy, =2.4
my (my assuming a 10 per cent atomic He abundance by number).
We determine the physical pixel areas by projecting the angular size
of each pixel to the assumed distance of the outflow (Section 3.2;
Table 2).

We also estimate the projected outflow momentum and energy
using

p = pocosh = ZM(x, v, 0)|v — vol, (10)

1
E = Eycos’0 = 3 > M(x.y. 0)(w - v0)’ an

where 6 is the unknown inclination angle with respect to the line
of sight and py and E|, indicated the unprojected momentum and
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Table 2. Dynamical properties of the 12 outflows: mass, momentum, and energy columns for estimates from all three CO lines, discussed in Section 3.4, along

with corresponding estimates from '>CO alone, discussed in Section 4.

Outflow Distance Tex Mass 12CO-only Mass Momentum 12CO-only Momentum Energy 12CO-only Energy
kpe)  (K) (M) (Mo) Mo)kms™' (Mg) km s~ (105 erg) (105 erg)
G79.886+2.552 0.65 £ 0.15 16 0.72 = 0.16 042 £+ 0.33 3.86 £ 0.89 1.82 £ 1.10 0.34 + 0.08 0.15 £ 0.10
G81.435+2.147 14 £0.08 25 512 +0.29 1.42 £ 0.63 27.01 £ 1.55 6.40 £ 1.27 1.95 £ 0.11 0.40 £ 0.23
G81.424+2.140 14 £0.08 22 136 £+ 0.06 0.70 £ 0.31 5.70 £ 0.29 231 £+ 0.40 0.30 = 0.02 0.09 £+ 0.05
G81.302+1.055 1.3 £0.07 36 9.68 £ 0.52 5.18 £ 0.59 30.20 + 1.62 18.72 + 2.06 1.15 £+ 0.06 0.97 £ 0.11
G80.862+0.385 1.5 £0.08 31 4.65 =+ 0.24 470 £ 0.54 31.8 £ 1.66 22.31 + 251 148 £+ 0.11 1.34 + 0.13
G81.663+0.468 1.3 £0.07 19 290 + 0.17 1.56 £ 0.14 21.30 £+ 1.15 14.58 + 1.30 2.06 + 0.16 1.50 + 0.14
G81.551+0.098 1.5 £0.08 17 143 £ 0.08 0.33 + 0.04 294 £+ 0.16 0.80 = 0.09 0.08 + 0.004 0.05 £+ 0.002
G81.582+0.104 1.5 £ 0.08 24 3.68 + 0.20 1.41 £ 0.15 7.50 = 0.40 8.00 = 0.85 1.69 £+ 0.01 0.47 £ 0.05
G82.581+0.203 1.3 £0.07 20 2.13 £ 0.11 1.27 £ 0.14 12.84 + 0.68 8.21 £+ 0.94 1.48 £+ 0.08 0.74 + 0.08
G82.571+0.194 1.3 +£0.07 18 1.16 £+ 0.06 0.33 £+ 0.04 3.38 £ 0.18 1.25 £ 0.14 0.22 + 0.01 0.08 £+ 0.01
G80.158+2.727 0.65 = 0.07 16 1.50 = 0.16 0.32 + 0.07 6.22 + 0.68 1.21 £ 0.23 0.43 + 0.05 0.06 + 0.01
G80.149+2.710 0.65 £ 0.07 27 0.18 £ 0.02 0.36 + 0.08 1.13 £ 0.12 1.10 £ 0.23 0.13 = 0.01 0.08 £+ 0.01

energy. The results are summarized in Table 2. Table 3 includes
the protostellar sources that generate the outflows, identified by
searching the Kryukova et al. (2014) catalogue, along with their IR
luminosity, except the source NOMAD1 1323—0477179 for which
we were unable to find the spectral index value and IR luminosity.

We exclude the source G80.314+41.330 from further analysis.
We were unable to find a protostar associated with the object
G80.3144-1.330 in existing catalogues. G12 identified this object as
an outflow, which we also have confirmed using spectral distribution,
contour, and PV plots (Fig. S4). However, the high negative velocity
(Table 1) and weak emission suggest that this outflow is unlikely
to be located in Cygnus X but is likely located further away along
the line of sight, likely in the Perseus arm. Hence, a protostar is too
distant to be detected.

4 ESTIMATION OF OUTFLOW PROPERTIES
BASED ON 2CO(3-2) DATA

Outflows are ubiquitous in wide-area surveys of molecular emission
(G12; Drabek-Maunder et al. 2016), and the feedback from outflows
into the molecular ISM is best understood in the context of these large
surveys. However, a full determination of outflow properties requires
multiple isotopologues (Section 3.3) and, ideally, multiple rotational
transitions from those isotopologues to measure both opacity and
excitation temperature (Dunham et al. 2014). While ideal, observing
all these transitions is expensive in terms of telescope time, so
approximate methods are needed to interpret survey data.

To analyse outflows in the wide-area survey of Cygnus X (Deb
et al., in preparation), we need to estimate outflow mass and other
dynamical properties without *CO(3-2). A common approximation
is to estimate an optical depth correction factor, 1_2‘7_2,12, to measure
out mass from the '2CO(3-2) line alone (Ginsburg, Bally & Williams
2011; Dunham et al. 2014; Plunkett et al. 2015; Zhang et al. 2020).
However, even with the correction factor the mass estimate from
12CO(3-2) alone could still be an underestimate by 0.5 to 1 dex
(Ginsburg et al. 2011), because the assumption of 3CO(3-2) to be
optically thin in the outflow wings may not be valid for lower velocity
offsets from the line centre (refer to Section 5.2).

Here, we use our in-hand data on '3CO emission to calibrate
empirical relationships between the observed '>CO(3-2) emission
(T'2) and the outflow properties as characterized from the full analysis
of the ¥CO(3-2) data (Section 3.3). Specifically, we empirically
estimate the opacity that would be seen in the '3CO line, which we
infer based on the brightness of the '2CO emission. The empirical
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estimate avoids using the (unobserved) Ty for 13CO and scales the
12CO brightness directly to the '*CO optical depth. We also estimate
the line centroid and width so we can define the velocity ranges that
correspond to the wings of the outflow and the velocities relative to
the line centre.

Our empirical relationship between '>CO brightness and '*CO
optical depth is shown in Fig. 5, where we fit a linear relationship
between the log of both quantities. Since the '2CO(3-2) line obser-
vations were stored as a data cube (Fig. 2), we average the value
Ti2(x, y, v) over the position coordinate. Similarly, our estimate of
7,13 is from the full analysis in 3.3, and we again average 7, 13(x,y, v)
over position coordinates. Fig. 5 shows the scatter plot of (7,13, T12),
for all outflows included in Table 2. We perform a linear regression
on the bivariate set, with adjusted-R*> = 0.8 and F-statistic = 3538
demonstrating a strong relationship. The best fit in log-space is given
by

10g,0Tu13 = —2.69 & 0.02 + (2.07 = 0.04) x log,,T». (12)

Using this fitted equation, we estimate '*CO column density as a
function of position and velocity in a PV slice, again by assuming
a mean particle mass of un, = 2.4my and using distances of the
outflows from the sun.

To estimate the wing mass, we also estimate the profile line centre
vp and velocity width oy. Unlike in Section 3.4, here we assume
we do not have access to *CO(3-2) and C'*0(3-2) data, so we
approximate the '>?CO(3-2) spectral line with a Gaussian profile. We
then estimate the line centre by leaving vy as a free parameter and
minimizing the outflow kinetic energy along each line of sight in the
PV slice.

Next, we calculate op by measuring the half-width at half
maximum (HWHM) of the line profile, where for a Gaussian,
HWMW = +/2 In 20y. Since the line profile is asymmetric, we
measure the HWHM on both sides of vy and take the minimum
width as the line width as shown in the schematic Fig. 6. We measure
the HWHM by finding the velocity channels v* corresponding to the
brightness 37,2, where T,.2, denotes the maximum of Ty for a
spectral profile. In that case, referring to Fig. 6, we can write,

HWHM = nll}n [v* — vgl.

There is foreground absorption observed in the outflow spectra
(Fig. 3), which is possibly caused by the foreground Cygnus rift.
This absorption feature, however, does not alter the estimation of vy
and oy because the outflow wings are unaffected by the absorption.
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Table 3. Protostellar sources associated with the 12 outflows, as identified in Kryukova et al. (2014).

Outflow Distance IR source Angular Spectral Lir
(kpc) separation (arcsec) index log(L/Lg)

G79.886+2.552 0.65 £0.15 J202430.49+420409.19 16.42 0.16 1.87
G81.435+2.147 14+0.1 J203111.82+430521.66 21.70 2.12 0.84
G81.424+2.140 14+£0.1 J203112.70+430457.56 6.30 0.91 0.45
G81.302+1.055 1.3+£0.1 J203534.44+422006.80 14.58 1.23 1.95
G80.862+0.385 1.5+0.1 J203702.60+413440.97 8.76 1.34 1.72
G81.663+0.468 1.3+£0.1 J20391672+-4216090.00 10.94 —0.05 2.39
G81.551+0.098 1.5+0.1 1204028.48+-415711.97 9.36 1.64 2.04
G81.582+0.104 1.5+£0.1 J204033.48+415900.63 4.81 1.87 0.95
G82.581+0.203 1.3+£0.1 1204322.874-425022.76 59.64 0.93 —0.58
G82.571+0.194 1.3+£0.1 J204328.27+424900.09 11.64 0.82 2.28
G80.158+2.727 0.65 £0.15 1202434.184-422331.60 19.28 0.84 1.56
G80.149+2.710 0.65£0.15 NOMADI 13230477179 17.51

10—1 4

13C0 Optical Depth

12CO Tws (K)

Figure 5. Scatter plot shows the association between '2CO(3-2) emission
in terms of position-averaged main beam temperature in K and '3CO(3-2)
optical depth. The raw data set is divided into detectable signal (in black) and
noise (<2012, in green). The straight line (in red) denotes the line of best fit.

12
Tpeak \\

Tr (K)

Visg (kms™)

v¥. Vo v
HWHM

Figure 6. A schematic view of HWHM estimation technique from a spectral
line profile.

The inferred value of oy can be up to a factor of two larger than the
value measured directly from the observed '3CO(3-2) line.

We define the outflow velocity wings as spectral regions with
|[v —vy| > 20p. The mass estimate is obtained by summing over
such velocity channels and position offsets along the PV slice. The
estimated values of mass, projected momentum, and projected energy
are included in Table 2. Similar to Section 3.4, momentum and energy

values estimated from '2CO alone contain unknown projection angle
with respect to the line of sight. In Fig. 7, we compare the property
estimates for the '2CO-only method versus those derived from using
all three lines. Considering the small sample size, there is good
correlation between the fitted estimated values but some measurable
systematic differences. Table 4 summarizes the typical differences.
The mean mass from 2CO alone is typically 0.31 dex (a factor of
0.48) smaller than the estimates from all CO lines. The momentum
and energy values are also a factor of 0.47 and 0.53 smaller than the
corresponding estimates from all CO lines. The consistent slight
underestimation of outflow energetics is attributed to the larger
inferred >CO(3-2) value of o mentioned before. Table 4 also notes
the width of the distribution, which is comparable to the offset that
we measure. We do not apply any ad hoc scalings at this point to
the '>CO-only estimates to bring them into agreement with the full
analysis, but we will consider the offsets and spread in Table 4 as
part of our error budget.

5 DISCUSSION

5.1 Outflow properties and protostellar sources

We have estimated several dynamical properties of 12 outflows
and identified their IR sources using the Kryukova et al. (2014)
catalogue. Based on the spectral index («) value, we catego-
rize J202430.49+420409.19 and J20391672+4216090.00 as flat-
spectrum protostars. All of the remaining protostars have spectral
index values (defined as « in F, o« v~%) greater than 0.3. These
values imply they are in their early stages of evolution and belong to
either class 0 or class 1. The early evolutionary stages also imply the
bolometric luminosity is approximately the same as IR luminosity
(Lir), included in Table 2. We were unable to find luminosity
and spectral index value for NOMAD1 1323—-0477179, which was
referred as the IR source associated with the outflow G80.149+4-2.710
in G12. It is likely that the IR source of this outflow is a deeply
embedded class O protostar in its early stages of evolution.

As suggested from previous analyses (Bally 2016, and references
therein), we examined the correlation between mechanical luminos-
ity Liech, or IR luminosity Ljr and spectral index. As defined, a lower
value of spectral index indicates a more evolved protostar. Outflow
energy, IR, and mechanical luminosities nominally decrease as the
protostar evolves, the highest being achieved in the early stages, we
would expect a positive correlation of these outflow properties with
increasing spectral index. In our sample such correlation is observed
but is extremely weak with large scatter. We attribute this to having
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Figure 7. Scatter plots show comparison between outflow mass (M), projected momentum (p), and projected energy (E) estimated from 13CO(3-2), 1>CO(3-2),
and C'80(3-2) data (x-axis) and those estimated from 2CO(3-2) alone (y-axis). Blue dashed lines denote perfect correlation. Green dash—dotted lines denote
the relationship between three-line estimated values '>CO-only values. A comparison between the two sets of lines shows a consistent underestimation of the

outflow properties.

Table 4. Comparison between outflow properties from the approximations
using the '2CO(3-2) line alone and those estimated from all three CO lines. On
average, this approach systematically underestimates dynamical properties by

~(.3 dex, which should be included in an error budget.

logjo(*2CO-only/all lines) quantities Mean Standard deviation
Mass —0.31 0.26
Momentum —-0.32 0.23
Energy —0.28 0.31

a small, heterogeneous sample of outflows at various distances and
the narrow range of spectral index that is recovered. We will revisit
these scalings in the context of the larger outflow survey (Deb et al.,
in preparation).

For context, we compare our sample with the catalogue of Wu
et al. (2004), which assembles a meta analysis of outflow properties
from the literature. The 12 outflows are broadly consistent with the
population of outflows with respect to all their measured properties.
In particular, we find that the mechanical luminosity Lyech 1S, on
average ~1073Lir, which traces the accretion power, consistent with
other sources.

5.2 Uncertainties in parameter estimates

We have used CO lines for estimating outflow mass, momentum,
and energy, which are subject to significant uncertainties based on
our assumptions. Even so, CO molecules remain the best species for
studying the molecular outflows because of their high line intensity,
low critical density, near-LTE excitation modes, and their relatively
large abundances relative to other molecules.

Our estimates of outflow properties from a single '2CO line is
similar to other approaches forwarded in the literature. Among
early work involving CO lines, Bontemps et al. (1996) estimated
outflow momentum flux from '>CO (2-1) emission using p o
fwings T2 (v)dvA(r, dr)v?, r denotes the radius of a projected annulus
orthogonal to the outflow direction and dr is the width of such
annulus. This is comparable to the approach discussed here, with
modifications since the authors estimated momentum from '2CO
emission in terms of radiation temperature and integrating over the
spectral and spatial spread of the outflowing gas. Another common
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assumption found in the literature is that outflow wings are optically
thick in the '>CO line (Bally et al. 1999; Arce & Goodman 2001;
Wilson, Rohlfs & Hiittemeister 2013; Dunham et al. 2014). An
optically thick tracer only reflects the conditions of the surface of the
cloud, thus results in an underestimation of mass, and subsequently
of momentum and energy. We use the optically thinner '*CO(3-2)
line for tracing H, column density in the outflow wings, although
we have not made any explicit assumption that 7,3 < 1. Instead,
we rely on the assumption of a constant excitation temperature for
all lines and for all species. Bally et al. (1999) suggested a similar
method for estimating wing column density from '*CO (1-0) line.
The authors used the observed '*CO emission when it was above the
rms noise level and extrapolated from '>CO (1-0) using a second-
order fitted polynomial ratio R;y3 when '*CO was below the noise
level. However, the authors used a different intrinsic abundance ratio,
which provides a corresponding limit for the fitted brightness ratios
(Riz13 < 89).

Some authors suggested estimating mass from '>CO(3-2) bright-
ness by using an opacity correction factor 1_%2% (Dunham et al.
2014). This is done by assuming '*CO(3-2) is optically thin,
thereby numerically solving 7, from the observed ratio R;y/3 using
equation (1) under LTE, and here using a >CO/"*CO abundance ratio
of 65 (Wilson & Rood 1994),

T, 1—e ™ 5 1—e ™2
T3 1 —e 3 T2 .

Rz = (13)

T2 compensates for '>CO(3-2) being optically thick in line

T—e 12
wings,

. T
Ty, ~65T)3 = —2 T

1—em 19

The factor 1_1%12 ~ 115. Wilson et al. (2013) note that equation (14)
would overestimate the ratio Rjy/3 in equation (13) by an amount
that scales with 75, resulting in an underestimation of the opacity
correction factor. This underestimate arises because the assumption
that '3CO(3-2) is optically thin may not be true near the line centre.
The opacity profile can vary from one outflow to another. This
ambiguity motivated our empirical model for determining the gas
column density in outflow wings using the conditional estimation

technique described in Section 3.4.
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Figure 8. Left: Scatter plots show outflow mass plotted against energy. Red triangles denote quantities estimated from only '>?CO(3-2) data. Right: IR luminosity
plotted against outflow energy. Colour scheme is the same as in left. The Cygnus X outflows are consistent with the broader population irrespective of the

method used for property estimation.

Our primary assumption is that all three CO lines are in LTE and
have the same thermal excitation temperature 7.x. Ginsburg et al.
(2011) caution that while lower J transition lines of '>CO might be in
LTE, '2CO(3-2) may not be in LTE because of its high critical density
value (27 x greater than J = 1 — 0 line). In this case, the '?CO(3-2)
line may be subthermally excited (7Tex < Tx), which following the
expression for '*CO(3-2) optical depth and equation (8), implies
the gas column density is underestimated. The mass and other
dynamical properties would also then be lower limits. However, the
authors mentioned their sample sizes were small and their claim of
12CO(3-2) being a poor tracer for column density in outflows is more
relevant for later stages of evolution with warmer gas. By comparing
the rotational transition lines of '>CO, Ginsburg et al. (2011) showed
that the / = 3 — 2 line produces lower estimates of column density
than the /=2 — 1 and J = 1 — 0 lines for gas at higher excitation
temperatures (7.x > 20 K). In contrast, Plunkett et al. (2015)
measured mass and other dynamical properties by adopting specific
fixed values of T., as well as a functional form of T, that varied
from pixel to pixel. This may be generally better than our method
of estimating column density Tpe of '*CO(3-2) emission in LTE
as described in Section 3.4. However, the pixel-by-pixel 7. profile
does not produce significantly different values, unless the gas is
warm (7T > 50 K) (Plunkett et al. 2015). In our case, the estimated
excitation temperature ranges from 16 to 36 K which, following the
argument of Plunkett et al. (2015), should produce results in good
agreement with that from a more generalized temperature profile.

We also developed a model for extrapolating H, column density
from the '>CO(3-2) line alone. Bally & Lada (1983) estimated
outflow mass of 12 sources from >?CO(3-2) and CO(3-2) lines
by determining an assumed common excitation temperature by
imposing a different 12-to-13 CO abundance ratio. The authors used
a functional dependence of column density N3(v) on Te and 3.
For the sources with missing 13CO(3-2) data, they constrained 71,
<« 1 and T, > 10 K to estimate '?CO(3-2) column density, and
used a fixed '2CO(3-2) to Hj ratio. In contrast, we have not imposed
restrictions on 71, and T, for measuring H, column density. Instead,
we used a direct approach of least-squares fitting to establish a

functional relation between 73 and '>CO(3-2) brightness. Since the
two CO line species have approximately the same abundance ratio
in all star-forming clouds, and '>CO(3-2) transition is ubiquitous in
outflows of class 0 and I protostars, the advantage of our approach is
that equation (12) may be applicable in any outflow study that lacks
13CO(3-2) line data.

This approach establishes a direct relationship between the two
CO lines in the outflow wings with more generality. Fig. 7 and
Table 4 summarize the small sample correlation between the fitted
13CO model and estimates based on all lines. There is a systematic
underestimation of outflow properties, which may be caused by
unaccounted for opacity in the '>CO line. Since we have a small
sample size of 12, we place our estimates in context by comparing
them to the catalogue presented in Wu et al. (2004), which shows 391
high-velocity molecular outflows from various sources in different
evolutionary stages. The larger catalogue contains sources that are
both low- and high-mass protostars. We plot our estimated values
along with the values calculated by (Wu et al. 2004; Fig. 8). Specif-
ically, we compare with the Wu et al. (2004) results for (i) outflow
mass versus energy and (ii) IR luminosity of the central sources
versus outflow energy. Both plots show significant correlations, but
this can be primarily attributed to all the axes scaling with %, where
d is the distance to the source. In comparing the Wu et al. (2004)
data with our two sets of our results (i.e. estimates from all lines
and those from '>CO alone), we see that both sets of estimates
follow the general trends and scales from the population as a whole.
Furthermore, the margin between the '>CO-only estimates and the
multiline estimates (Table 4) is small compared to the distribution of
the broader population.

The similarity of the distribution of both sets of estimated values
to the larger population of outflows indicates our estimates and
regression model is providing good estimates of outflow properties
suitable for survey analysis. Overall, we estimate that the projected
outflow properties have a 0.3 dex uncertainty and the unknown
inclination of the angle suggests a further factor of 2 underestimate
for the momentum and a factor of 2 underestimate for the energy
assuming a uniform distribution of angles on the sky.
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6 CONCLUSIONS

In this paper, we have studied 13 molecular outflows in the Cygnus X
region identified by G12, using JCMT observations of the '>?CO(3—
2), 3CO(3-2), and CO'¥(3-2) spectral lines. We have calculated
various properties of the outflows, identified associated IR sources,
and evaluated a new method to estimate gas column density from
12C0O(3-2) line alone.

After comparing the projected and estimated outflow properties,
we conclude that our '2CO-only optical depth model produces a fairly
close correlation between estimated and projected values. Therefore,
we can utilize this model in our next work that will present a large
survey of outflows in Cygnus X.
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Astronomy Data Centre, at https://dx.doi.org/10.11570/21.0001. *
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Figure S1. Outflow G81.435+4-2.147: (a) Blueshifted and redshifted
outflow regions are shown in 12C0O(3-2) (offset +15 K), *CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —16 to
—Skms~!'and v =0to 13 km s~!, and drawn at levels (7, 13, 20,
30, 40, and 50) K km s~! and (10, 20, 30, 40, and 50) K km s~!,
respectively.

Figure S2. Outflow G81.424+2.140: (a) Blueshifted and redshifted
outflow regions are shown in '2CO(3-2) (offset 415 K), 3CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —14 to
—6kms~!'and v = —1.5to 6 kms~', and drawn at levels (6, 13, 22)
K km s~! and (4, 10, 24) K km s~!, respectively.

Figure S3. Outflow G81.302+1.055: (a) Blueshifted and redshifted
outflow regions are shown in '>?CO(3-2) (offset +15 K), *CO(3-
2) (offset +5 K), and C'®0O(3-2) lines (b) Blue and red contour
lines are obtained by integrating over velocity ranges from v = 9 to
14.5km s~! and v = 17 to 24 km s~ !, and drawn at levels (0.45, 1,
2.5,5,7.5,10,12.5,15,20,25,28) Kkm s~ ' and (1, 3, 5, 7, 10, 15,
23) K km s~!, respectively.

Figure S4. Outflow G80.314+1.330: (a) Blueshifted and redshifted
outflow regions are shown in '>CO(3-2) (offset +10 K), 3CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —37 to
—33.5km s~ and v — 29.5 to —27 km s~ !, and drawn at levels (3,
7,11,16,18) Kkms~ ' and (3,5,7) Kkm s/, respectively.
Figure S5. Outflow G80.862+0.385: (a) Blueshifted and redshifted
outflow regions are shown in 2CO(3-2) (offset +-20 K), 3CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —15 to
—5km s~ ! and v = 0 to 8 km s~!, and drawn at levels (7, 12, 16,
22, 30, 40, 50, 63) K km s~! and (15, 20, 30, 40, 50, 60, 70, 80, 90)
K km s™!, respectively.

Figure S6. Outflow G81.663+0.468: (a) Blueshifted and redshifted
outflow regions are shown in '2CO(3-2) (offset 415 K), 3CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = 10 to
16.5 km s~! and v = 23 to 44 km s~!, and drawn at levels (3, 7,
12, 20, 30, 40) K km s~! and (1.5, 5, 10, 25, 40, 55, 75) K km s/,
respectively.

Figure S7. Outflow G81.551+0.098: (a) Blueshifted and redshifted
outflow regions are shown in 2CO(3-2) (offset +15 K), 3CO(3-2)
(offset +5 K), and C'®0(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —14.5 to
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—8.5km s~ and v = —4.5 to 1.8 km s~!, and drawn at levels (4,
12, 20, 28, 32, 40) K km s~! and (1, 8, 18, 25, 30, 35) K km s~',
respectively.

Figure S8. Outflow G81.582+0.104: (a) Blueshifted and redshifted
outflow regions are shown in '?CO(3-2) (offset +7 K), 3CO(3-2)
(offset +3 K), and C'¥O(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —15 to
—8.5km s~ and v = —4.5 to 2 km s !, and drawn at levels (2.5,
4.5,8,16, 25, 38,48, 53) Kkm s~ ! and (3, 5, 8, 12, 18, 25, 31, 35)
K km s™!, respectively.

Figure S9. Outflow G82.581+4-0.203: (a) Blueshifted and redshifted
outflow regions are shown in '2CO(3-2) (offset +15 K), 3CO(3-2)
(offset +5 K), and C'80(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —10.5
to 6.5 km s~ and v = 15.5 to 32 km s~', and drawn at levels (5,
10, 20, 30, 45, 68, 77) K km s~! and (5, 10, 20, 32, 42) K km s~',
respectively.

Figure S10. Outflow G82.571+40.194: (a) Blueshifted and redshifted
outflow regions are shown in 2CO(3-2) (offset +15 K), *CO(3-2)
(offset +5 K), and C'®0(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —4 to
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7.5km s and v = 13.5to 23 km s~!, and drawn at levels (4, 7, 12)
K km s~ and (5, 10, 15, 22) K km s~, respectively.

Figure S11. Outflow G80.158+2.727: (a) Blueshifted and redshifted
outflow regions are shown in 2CO(3-2) (offset +15 K), *CO(3-2)
(offset +5 K), and C'®0(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —25 to
0.5kms~!and v = 10to 21 km s~!, and drawn at levels (4, 9, 14, 19,
25,30, 34) Kkm s~! and (5, 8, 10, 12, 15) K km s~', respectively.
Figure S12. Outflow G80.149+2.710: (a) Blueshifted and redshifted
outflow regions are shown in 2CO(3-2) (offset +15 K), *CO(3-2)
(offset +5 K), and C'®0(3-2) lines. (b) Blue and red contour lines
are obtained by integrating over velocity ranges from v = —3 to
3km s~ and v = 6 to 12 km s~!, and drawn at levels (4, 9, 14, 19,
22) Kkms~!and (8, 11, 13, 15, 25) K km s~', respectively.
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