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ABSTRACT

Context. Molecular outflows are believed to be a key ingredient in the process of star formation. The molecular outflow associated
with DR21 Main in Cygnus-X is one of the most extreme molecular outflows in the Milky Way in terms of mass and size. The outflow
is suggested to belong to a rare class of explosive outflows formed by the disintegration of protostellar systems.
Aims. We aim to explore the morphology, kinematics, and energetics of the DR21 Main outflow, and to compare those properties to
confirmed explosive outflows in order to unravel the underlying driving mechanism behind DR21.
Methods. We studied line and continuum emission at a wavelength of 3.6 mm with IRAM 30 m and NOEMA telescopes as part of the
Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE) program. The spectra include (J = 1–0) transitions
of HCO+, HCN, HNC, N2H+, H2CO, and CCH, which trace different temperature and density regimes of the outflowing gas at high
velocity resolution (∼0.8 km s−1). The map encompasses the entire DR21 Main outflow and covers all spatial scales down to a resolution
of 3′′ (∼0.02 pc).
Results. Integrated intensity maps of the HCO+ emission reveal a strongly collimated bipolar outflow with significant overlap of the
blueshifted and redshifted emission. The opening angles of both outflow lobes decrease with velocity, from ∼80 to 20◦ for the velocity
range from 5 to 45 km s−1 relative to the source velocity. No evidence is found for the presence of elongated, “filament-like” structures
expected in explosive outflows. N2H+ emission near the western outflow lobe reveals the presence of a dense molecular structure,
which appears to be interacting with the DR21 Main outflow.
Conclusions. The overall morphology as well as the detailed kinematics of the DR21 Main outflow are more consistent with a typical
bipolar outflow than with an explosive counterpart.

Key words. stars: protostars – stars: winds, outflows – stars: formation – ISM: jets and outflows – ISM: kinematics and dynamics –
ISM: molecules

1. Introduction

Molecular outflows are a ubiquitous part of star formation aris-
ing from both high- and low-mass protostars (Arce et al. 2007;
Frank et al. 2014; Bally 2016). A new type of outflow, formed by
the disintegration of protostellar systems due to a merging event,
has been proposed and linked to regions of high-mass star forma-
tion (Bally & Zinnecker 2005; Zapata et al. 2009). The massive
outflow of DR21 Main is one of the proposed candidates for this
type of explosive outflow (Zapata et al. 2013). The large angular
extent of the DR21 Main outflow allows a detailed analysis of
its structure and properties, with a view to compare these to the
same attributes of other explosive outflow candidates.

Molecular protostellar outflows range from highly collimated
molecular jets, such as HH211 (Gueth & Guilloteau 1999), all the
way to wide-angled outflows from high-mass sources (Beuther &
Shepherd 2005a). In general, outflows tend to appear “narrower”
at higher velocities (Bachiller & Tafalla 1999), and become less
collimated as they evolve (Beuther & Shepherd 2005b; Arce
& Sargent 2006; Offner et al. 2011; Hsieh et al. 2023). They
can vary significantly in size and energetics, with sizes from
0.1 pc up to parsec scales and momentum rates of between
10−5 and 10−2 M⊙ km s−1 yr−1 for low-mass sources and some
O type stars, respectively (e.g., Maud et al. 2015). Some outflow
properties, such as their mass, force, and mechanical luminos-
ity, correlate well with the intrinsic parameters of their driving
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sources, such as the bolometric luminosity (Bally & Lada 1983;
Cabrit & Bertout 1992; Wu et al. 2004) and the mass of the
molecular gas envelope of their driving source (Bontemps et al.
1996; Beuther et al. 2002), suggesting a common driving mecha-
nism in both the low- and high-mass sources. Clearly, molecular
outflows play a critical role in regulating star formation by
removing excess angular momentum and thus facilitating the
further growth in mass of a protostellar system (Blandford &
Payne 1982; Machida 2014), and also play a part in dispersing
the surrounding envelope, reducing the available mass reservoir
(Arce & Sargent 2006).

Due to their large size and the energy they carry, molecu-
lar outflows can have a significant impact on the surrounding
interstellar medium (ISM) over different spatial scales. First, at
envelope scales (103–104 AU), powerful young outflows entrain
and clear out dense material giving rise to bipolar cavities (e.g.,
Gueth et al. 1997; Velusamy & Langer 1998; Arce & Sargent
2004, 2005). At core scales (0.1–0.3 pc), outflows are consid-
ered a significant contributor to turbulence (Myers et al. 1988;
Zhang et al. 2005). In addition, outflows from high-mass young
stellar objects (YSOs) might impact the morphology of the host
molecular cloud and may even break it apart (Fuente et al. 1998;
Benedettini et al. 2004). Finally, the propagation of outflows
through the surrounding dense material leads to the formation
of shocks, which locally compress and heat the gas, and drive
chemical processes enriching the ISM (e.g., Kaufman & Neufeld
1996; Flower & Pineau Des Forêts 2010; Burkhardt et al. 2019).

A newly proposed type of molecular outflow is the so-called
explosive dispersal outflow, whose origin appears to be linked
to the disintegration of young stellar systems (Bally et al. 2017;
Rivera-Ortiz et al. 2021) or to protostellar mergers (Bally &
Zinnecker 2005). The interpretation is limited due to the small
sample of explosive-outflow candidates: Orion-KL (Zapata et al.
2009), DR21 Main (Zapata et al. 2013), G5.89 (Zapata et al.
2019), and IRAS 16076-5134 (Guzmán Ccolque et al. 2022).
Nevertheless, these explosive outflows share the following char-
acteristics (Zapata et al. 2009, 2017): (i) they consist of multiple
straight, narrow, and relatively isotropically distributed filament-
like structures; (ii) these filament-like structures should all point
towards the point of origin of the explosive outflow and show
an increase in velocity with distance from the point of origin
akin to a Hubble flow; (iii) have a significant overlap of their
blueshifted and redshifted emission components. The filament-
like structures of explosive outflows form because all material is
simultaneously accelerated in the explosion. As a result, faster-
moving material has traveled further away from the source and
is trailed by the slower parts of the outflow. Overall, the proper-
ties of these outflows have mostly been studied using low-J CO
transitions at high angular resolution (e.g., Zapata et al. 2009,
2013, 2019). Observations of the inner parts of these explosive
molecular outflows reveal multiple filament-like structures. At
the same time, the lack of similar observations in other molec-
ular tracers limits our understanding of their chemistry and the
various physical gas components.

The DR21 Main outflow is a particularly interesting explo-
sive outflow candidate (Zapata et al. 2013), as it is one of
the most massive (Mout > 3000 M⊙) and energetic (Ekin > 2 ×
1048 erg) outflows detected in our Galaxy (Garden et al. 1986,
1991b), first in the vibrationally excited 2.12 µm line of shock-
excited molecular hydrogen (H2). DR21 Main itself is a compact
HII region prominent at radio wavelengths. It is located in the
Cygnus-X high-mass star-forming region–molecular cloud com-
plex (Leung & Thaddeus 1992), at the southern end of the
DR21 molecular ridge (Dickel et al. 1978), and at a distance

of 1.5 kpc (Rygl et al. 2012). The outflow appears bipolar, with
the outflow lobes extending from east to west (Garden et al.
1986, 1991a; Garden & Carlstrom 1992; Schneider et al. 2010).
High-velocity low-J CO emission has also been reported in the
north–south direction (Garden et al. 1991b). The blueshifted and
redshifted parts of the outflow overlap significantly, suggesting
that it extends very close to the plane of the sky (Cruz-González
et al. 2007). It was initially suggested that the DR21 Main out-
flow is driven by a massive protostar, with Lbol of ∼ 105–106 L⊙
(Garden et al. 1991b; Garden & Carlstrom 1992), but no such
source has yet been identified (Cruz-González et al. 2007). The
absence of a clearly detected driving source, along with the
detection of some filament-like structures in CO (1–0) emission,
led Zapata et al. (2013) to suggest a possible explosive nature for
the DR21 Main outflow.

In this work, we aim to study the morphology, kinematics,
and energetics of the DR21 Main outflow using observations
in multiple molecular lines, which are sensitive to a range of
physical conditions. We also aim to determine whether the char-
acteristics of the DR21 Main outflow are consistent with those
expected for explosive outflows or rather with those of typical
protostellar outflows.

This work is part of the Max Planck IRAM Observatory
Program (MIOP) “Cygnus Allscale Survey of Chemistry and
Dynamical Environments (CASCADE)” (Beuther et al. 2022).
CASCADE is designed to map significant parts of the Cygnus-X
molecular cloud complex at high angular resolution and with a
broad bandpass using the Northern Extended Array for Millime-
ter Astronomy (NOEMA) and the 30 m telescope, both operated
by the Institut de Radioastronomie Millimètrique (IRAM). The
combination of velocity-resolved single-dish and interferometric
observations offers the high resolution necessary to resolve the
outflow structure without losing information on extended emis-
sion. CASCADE aims to take advantage of these high-quality
observations to connect the transition of gas all the way from
the large scales of molecular clouds down to the small scales
of cores; to look for signs of collapse or feedback; to investi-
gate the impact of star-forming cores on their surroundings; and
to search for possible trends with evolutionary stage and more.
The scope and goals of CASCADE are discussed in detail by
Beuther et al. (2022).

The paper is organized as follows. Section 2 describes the
observations from CASCADE. Section 3 presents line detections
and maps of the DR21 Main outflow in several molecular transi-
tions, and provides the analysis of outflow properties. In Sect. 4,
the results are discussed and scenarios for the origin of the DR21
Main outflow are explored along with its interactions with the
surrounding molecular cloud. Finally, in Sect. 5 we present a
summary and conclusions.

2. Observations

A detailed overview of the CASCADE program is given in
Beuther et al. (2022). Briefly, CASCADE covers all high-
column-density areas in the Cygnus-X molecular cloud complex
using 40 mosaics, each covering 16 arcmin2. Each of the mosaics
corresponds to 78 NOEMA pointings and was observed in both
the C and D configurations. The observations have a total band-
width of 16 GHz, 8 in each sideband, at the 3.6 mm window. The
full bandwidth is covered with a spectral resolution of 2.0 MHz,
but selected parts surrounding the most important lines are also
covered by additional high-resolution correlator units providing
a spectral resolution of 62.5 kHz. The DR21 Main outflow is
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Table 1. Continuum and spectral line parameters for all lines covered by the CASCADE observations.

Species Transition
Frequency

(GHz)

σrms
(

mJy

beam

)

Beam

(arcsec)

Eup

(K)

Log(Ai j)

(s−1)

Continuum – 82.028 0.05 2.80 × 2.54 – –
DCO+ (1–0) 72.039 15 3.57 × 3.19 3.46 –4.16
CCD (1–0) 72.108 15 3.57 × 3.19 3.46 –6.06
DCN (1–0) 72.415 16 3.56 × 3.18 3.47 –4.88
SO2 (60,6–51,5) 72.758 14 3.54 × 3.16 19.15 –5.56
HCCCN (8–7) 72.784 14 3.54 × 3.16 15.72 –4.53
H2CO (10,1–00,0) 72.838 16 3.90 × 3.28 3.50 –5.09
CH3CN (4k–3k) 73.590 12 3.51 × 3.13 8.83 –4.66
DNC (1–0) 76.306 10 3.24 × 2.90 3.66 –4.79
CH3OH (50,5–41,3)E 76.510 10 3.24 × 2.89 47.93 –6.05
NH2D (11,1–10,1) 85.926 10 2.77 × 2.51 20.68 –5.71

H13CN (1–0) 86.340 9 2.75 × 2.50 4.14 –4.65

H13CO+ (1–0) 86.754 7 2.74 × 2.49 4.16 –4.41
SiO (2–1) 86.847 11 3.25 × 2.70 6.25 –4.53

HN13C (1–0) 87.091 9 2.73 × 2.48 4.18 –4.73
CCH (1–0) 87.329 10 2.72 × 2.47 4.19 –5.90
HNCO (40,4–30,3) 87.925 8 2.71 × 2.45 10.55 –5.06
HCN (1–0) 88.632 13 3.18× 2.64 4.25 –4.62
HCO+ (1–0) 89.189 10 3.29 × 2.74 4.28 –4.38
HNC (1–0) 90.664 11 3.12 × 2.57 4.35 –4.57
HCCCN (10–9) 90.979 9 2.64 × 2.39 24.01 –4.24
CH3CN (5k–4k) 91.987 9 2.61 × 2.36 13.24 –4.85
H41α – 92.034 6 2.60 × 2.36 – –
13CS (2–1) 92.494 10 2.59 × 2.35 6.66 –4.85
N2H+ (1–0) 93.174 11 2.58 × 2.33 4.47 –4.44

Notes. The rms noise level, σrms, is calculated for channels of 0.8 km s−1 except for the case of H41α for which the channel width is 3.0 km s−1. Rest
frequencies are from NIST recommended rest frequencies (Lovas 2004) and the Cologne Database for Molecular Spectroscopy (CDMS, Müller
et al. 2001), while Eup and Ai j are taken from CDMS. The conversion factor from Jy beam−1 to K in the Rayleigh-Jeans limit is ∼23.75 for a
frequency of 89.189 GHz.

covered by two of the NOEMA mosaics, which were observed
between 2020 May 29 and November 6. During that time, the
array consisted of ten antennas, yielding baselines between 15 m
and 365 m. The strong quasars 3C345 and 3C273 were used
as bandpass calibrators, MWC349 and 2010+723 were used
for flux calibration, and 2005+403, 2120+445, 2050+363 and
2013+370 were used for gain calibration. Complementary single-
dish observations were carried out with the IRAM 30m telescope
between 2020 February and July, in order to provide the missing
short spacing information. These observations will be presented
in detail in an upcoming paper by Christensen et al. (in prep.).

The calibration and imaging of the data was done using
CLIC and MAPPING software, which are part of the GILDAS
package1). The NOEMA observations are combined with the
IRAM 30m data using the UV_SHORT task. The resulting
single-channel σrms noise – for a channel width of 0.8 km s−1 –
and beam sizes for all observed lines are summarized in Table 1.

3. Results and analysis

We present the CASCADE observations for an area surrounding
DR21 Main that covers the entirety of its outflow. Our data allow
us to analyze the kinematics, morphology, and energetics of the
DR21 Main outflow and to contribute to a discussion about its
nature.

1 https://www.iram.fr/IRAMFR/GILDAS/

3.1. Molecular detections

Several molecular lines are detected in the CASCADE observa-
tions of the DR21 Main (see Table 2). The spatial distribution
of the emission can be divided into three cases: (i) tracing the
outflow (extended emission in the W–E direction), (ii) tracing
the DR21 ridge (extended emission in the N–S direction), and
(iii) sporadic (compact emission that appears in multiple loca-
tions) or compact emission (see Fig. 1). The different tracers can
therefore be used to examine the morphology of the various gas
components in DR21 Main. Integrated intensity contour maps
for all the emission lines are shown in Appendix A.

The contour map of the HCO+ integrated intensity (Fig. 1,
left panel) shows that most of the emission arises from the area
of the outflow lobes and also appears to be in close agreement
with the H2 emission at 2.2µm (see also Garden et al. 1986;
Davis et al. 2007) associated with outflowing shocked gas. Inter-
estingly, the HCO+ (1–0) contours also reveal the presence of
hollowed-out cavities in both outflow lobes lacking line emis-
sion, which is similar to early findings by Garden & Carlstrom
(1992). The cavities are more prominent in the eastern outflow
lobe, which appears entirely separated from the center of the
DR21 Main area. Therefore, while HCO+ is well associated with
the outflowing material, it most accurately traces the outer parts
of the outflow cavities. In a similar fashion, line emission in
HCN (1–0) is also associated with the outflow, but shows a more
compact pattern in the direction of the peaks of HCO+ emission
(see Fig. A.1).
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Table 4. Outflow parameters of the DR21 Main outflow.

vmax

(km s−1)

Rlobe

(pc)

tdyn

(yr)

M

(M⊙)

P

(M⊙ km s−1)

Ekin

(erg)

Ṁ

(M⊙ yr−1)

F

(M⊙ km yr−1 s−1)

Lkin

(erg yr−1)

East lobe: red 38.6 0.74 4900 7 87 1.2 × 1046 0.002 0.02 4.87 × 1042

blue –62.2 0.75 3100 47 669 2.4 × 1047 0.015 0.22 1.57 × 1044

West lobe: red 52.2 0.88 4300 13 135 1.8 × 1046 0.003 0.03 8.14 × 1042

blue –70.2 0.98 3600 57 1037 2.3 × 1047 0.016 0.29 1.26 × 1044

East+West: red – – – 20 222 3.0 × 1046 0.005 0.05 1.30 × 1043

blue – – – 104 1706 4.7 × 1047 0.031 0.51 2.83 × 1044

Entire outflow – – – 124 1928 5.0 × 1047 0.036 0.56 2.96 × 1044

and its momentum as

P = K

















∑

j

[∫

vout, j

vin

T (v′)v′dv′
]

j

















. (5)

The dynamical time, which is an estimate of the lifetime of
the outflow, is then taken as

tdyn =
Rlobe

vmax

. (6)

This, in turn, allows the calculation of the mass loss rate:

Ṁ =
M

tdyn

, (7)

and the power of the outflow:

Lkin =
Ekin

tdyn

. (8)

The calculations are performed for the east and west outflow
lobes, and for the redshifted and blueshifted emission, separately.
The resulting outflow properties are presented in Table 4.

The outflow mass and kinetic energy can be compared with
the results from Garden & Carlstrom (1992), where observa-
tions of the transition of HCO+ (1–0) were analyzed. Here, we
use the high-velocity component from Garden et al. (1991b) and
scale it to the same distance as DR21, as adopted in this work.
The outflow mass for the high-velocity component, of namely
∼120 M⊙ (see Table 4), is a factor of 2–5 higher than the cor-
responding outflow mass in Garden & Carlstrom (1992). The
outflow extent and the area covered by the observations are sim-
ilar in both studies; Garden et al. (1991b) obtain an Rlobe of
∼1.7 pc. Therefore, the difference is likely due to the velocity
limits adopted in Garden & Carlstrom (1992), which exclude
a significant part of gas mass at velocities close to the source
velocity (vin from −12.5 to −42.5 km s−1). Moreover, the outflow
kinetic energy, which accounts for the relevant range of veloci-
ties, is fully consistent: Ekin of 5.0×1047 erg (Table 4) is within
the range of ∼2.5–5.0× 1047 erg reported in Garden & Carlstrom
(1992) using HCO+ and about a factor of 4 lower than the total
energy measured using CO (Garden et al. 1991b). We provide a
more thorough discussion of the DR21 Main outflow properties
with respect to both low- and high-mass protostars in Sect. 4.2.

The calculation of the outflow parameters includes a few
assumptions that need to be addressed. First, the conversion fac-
tor K is accurate only when the observed emission is optically

thin. In the case of DR21 Main, the HCO+ emission is optically
thin in the outflow lobes, but not in the central area (Garden &
Carlstrom 1992). Using our H13CO+ observations, which appear
to trace the dense ridge (Sect. 3), we estimate a τ of 12.5 for the
DR21 Main center. To this end, the central region is excluded
from the calculation of the outflow parameters. Similarly, gas
with velocities within ∼5 km s−1 of the velocity of the N–S fil-
ament is also excluded. We note that, even though a significant
part of the outflow material is often found at low velocities, its
impact on F or Ekin is not as significant due to the dependence of
those parameters on v2. Second, the correction factor of inclina-
tion angle, c3, is available only for the inclination angles of 10◦,
30◦, 50◦, and 70◦ (Table 3). In this work, c3 of 3.8 is assumed
(corresponding to 70◦), but as the outflow of DR21 Main appears
to be close to 90◦ (see Sect. 3.2), the correction is most likely
underestimated by a factor of ≲2. Finally, we assume a uniform
excitation temperature of the gas along the outflow, which likely
differs by a factor of a few depending on the position of line
emission. The increase in excitation temperature from 40 to 80 K
would lead to an increase in the K parameter by a factor of ∼1.9.
The variations of Tex along the outflow are therefore not expected
to significantly impact the results.

In summary, the parameters of the DR21 Main outflow cal-
culated using HCO+ provide a useful diagnostic of outflow
energetics. The calculations are consistent with previous work
by Garden & Carlstrom (1992), who used the same tracer and
transition. Due to the optical thickness of the emission and the
adopted velocity limits, the mass of the outflow as well as the
related parameters are lower limits to the actual parameters.

4. Discussion

4.1. The nature of the DR21 Main outflow

The nature of the DR21 Main outflow is still a topic of discussion
because it has been proposed to belong to the class of explosive
outflows (Zapata et al. 2013). Detailed analysis of the morphol-
ogy and the kinematics of the outflow using HCO+ observations
reveals a rather well-defined bipolar outflow structure reminis-
cent of that of a typical protostellar outflow (Sect. 3.2). The
strong overlap of redshifted and blueshifted HCO+ emission is
indeed a property attributed to explosive outflows (Zapata et al.
2017); however, this can also appear in the case of a bipolar out-
flow that extends along the plane of the sky with the redshifted
and blueshifted emission arising from the sideways expansion
of the outflow lobes. Additionally, the apparent decrease in the
opening angle of the DR21 Main outflow with increasing veloc-
ity (see Fig. 7) is characteristic of bipolar outflows that are
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